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The Western Interior Basin of the North America preserves one of the best sedimentary 
and paleontological records of the Cretaceous in the world.  The Upper Cretaceous Kaiparowits 
Formation is a rapidly deposited fluvial sequence and preserves one of the most complete 
terrestrial fossil record of the North America.  Such a unique deposit provides an opportunity to 
investigate the interaction between the physical environment and ecology.  In an effort to 
decipher such interaction, stable isotope composition of cements in sedimentary rocks, 
concretions and vertebrate fossils were analyzed. 
 Despite the difference in facies and sedimentary architecture, the isotope composition 
does not change significantly at ~110 m from the base of the formation.  Among the well-
preserved cement samples, stable isotope composition indicates a significant hydrologic change 
within the informal Middle unit; a 6.37‰ depletion in 13C and 3.30‰ enrichment in 18O 
occurs at ~300 m above the base of the formation.  The isotope values indicate that the sandstone 
cements below 300 m were precipitated in a mixing zone between marine and terrestrial 
groundwater, whereas the cements in upper units were precipitated in a terrestrial groundwater. 
Despite the difference in physical appearance (i.e. color and shape), the isotopic 
compositions of cements in concretions are similar to well-cemented sandstone bodies in similar 
stratigraphic positions.  Isotope compositions of the host rock are similar to that of mudrock and 
weathered sandstone, suggesting the origin of cementing fluids for the sandstone and concretions 
were the same indicating that: 1) the concretions were formed in shallow groundwater and not 
related to the groundwater migration, or 2) all cements in upper Kaiparowits Formation are 
precipitated or altered during later stage groundwater migration. 
 
 
 Average 18Oc from each taxon show the same trend as the 
18Op stratigraphic change, 
suggesting 18Oc is still useful as a paleoclimatic proxy.  Compared to other Campanian 
formations, fossil 18Op  are depleted for their paleolatitude, suggesting the Kaiparowits Plateau 
had higher input from high-elevation runoff, consistent with other paleoclimatic studies.  
Estimated 18Ow ranged between vadose influenced dry season values of -8.88‰ to high 
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USING STABLE ISOTOPE GEOCHEMISTRY TO DETERMINE CHANGING 
PALEOHYDROLOGY AND DIAGENETIC ALTERATION IN THE LATE 
CRETACEOUS KAIPAROWITS FORMATION, UT USA 
DAIGO YAMAMURA 




 The sedimentary record of the western United Sates contains one of the most complete 
sedimentary and fossil records of the Cretaceous, providing a unique opportunity to investigate 
the relationship between the physical environment and paleoecology.  Because hydrology is an 
important control on both ecology and sedimentology, a paleohydrological investigation is 
important for interpreting ecology and sedimentary architecture of the past.  Stable Isotope 
geochemistry is a powerful tool used to track hydrologic change and ecological studies.  Thus, 
stable isotope geochemistry has been chosen as a tool for this study. 
 The Kaiparowits Formation was chosen to investigate the relationships between 
paleoecology and paleohydrology because 1) a sedimentological and geochronological 
framework has been well-established (Roberts, 2007; Roberts et al., 2013), 2) abundant 
paleontological resources have been discovered (Sampson et al., 2013), and 3) collaboration with 
the Utah Museum of Natural History (UMNH) and the Bureau of Land Management (BLM) 
allowed for ample access to samples and locations for the study. 
History of Investigations 
 Initial documented studies of the Cretaceous bedrock in southern Utah are as early as 
1875 (Powell, 1875; Howell, 1875; Gilbert, 1875).  Gregory and Moore (1931) further 
subdivided the Cretaceous bedrock, and designated the Kaiparowits Formation along with the 
other Cretaceous formations in southern Utah.  Early palynology work suggested that the 
 
2 
Kaiparowits Formation was Maastrichtian in age and was revised by Bowers (1972), Farabee 
(1991) and Nichols (1997).  Howell (1875) also mentions the first Cretaceous fossils from the 
Kaiparowits Plateau in his description of small oyster-like shell and fragments of large bones.   
 The geology of the Grand Staircase area (including the Kaiparowits Plateau) was 
originally mapped in detail for coal resources (Bowers, 1973a, 1973b, 1973c, 1981, 1983 and 
1991; Figure 1).  Although early paleontological investigations led by Eaton, Cifelli and others in 
the 1980’s were focused on mammals, a diverse fossil record of dinosaurs in the Kaiparowits 
Formation (i.e. abundant fossils and unique taxa) quickly became apparent (Eaton et al., 1999).  
The Grand Staircase-Escalante National Monument (GSENM) was designated as a national 
monument by President Bill Clinton in 1996, and a survey of the paleontological resources soon 
after has led to many new taxa being described within the last twenty years.  Notable findings 
from the Kaiparowits Formation include a tyrannosaurid (large carnivorous dinosaur) 
Teratophoneus curriei (Loewen et al., 2013a) and endemic ceratopsian (horned) dinosaurs 
(Figure 2); Kosmoceratops richardsoni, Utaceratops gettyi (Sampson et al., 2010) and 
Nasutoceratops titusi (Sampson et al., 2013).  With such a wealth of paleontological resources, 
many institutions are investigating past climate, ecology and their interactions (Figure 3). 
 The goal of this work is to use stable isotope geochemistry of fossils and rocks from the 
formation to add to the growing knowledge of the dynamics of flora/fauna and paleoenvironment 
of the Kaiparowits Formation.  This investigation is not a comprehensive study of the 
Kaiparowits Formation, but a piece of the puzzle that, with the increasing interest of many 
institutions is rapidly coming into focus.  In this work, I contribute important isotopic studies of a 
variety of vertebrates and rocks to determine the paleohydrology influenced by local 
groundwater, high elevation runoffs and occasional seaway incursion.  Chapter two will discuss 
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the hydrologic implication of the isotopic change in sandstone cement, chapter three will discuss 
the hydrologic/diagenetic implication vertebrate fossils to constrain the range of hydrologic 
sources. 
Geologic Setting 
 The Kaiparowits Formation was deposited in a fluvial environment from 76.6 to 74.5 Ma 
(Roberts et al., 2013).  The Kaiparowits Formation demonstrates extremely rapid deposition; 
860m (present day thickness) of fluvial sequence was deposited in 2.1 million years (Roberts, 
2007; Robert et al., 2013; Johnson et al., 2016).  One possible explanation for such unusual 
thickness and accumulation of sediments is that the Laramide Orogeny increased flexural and/or 
dynamic subsidence (DeCelles, 2004) and this combined with the eustatic control (Roberts, 
2007) allowed for rapid accumulation of sediments.   
 The Kaiparowits Formation is informally subdivided into Upper, Middle and Lower units 
based on the sedimentological characteristics including sandstone-mudrock ratio and paleoflow 
direction (Roberts, 2007), although there is some disagreement on paleoflow direction (Lawton 
and Bradford, 2011).  The lower part of the middle unit exhibits evidence of marine incursion 
(Roberts, 2007; Roberts et al., 2008), suggesting maximum transgression of the Western Interior 
Seaway.  Based on clastic sediments of the Kaiparowits Formation were derived from the thrust 
sheets of the Sevier orogenic belt in southeastern Nevada and southern California, and the 
Mogollon Slope in southwestern Arizona (Goldstrand et al., 1993; Lawton et al., 2003; Roberts, 
2007; Lawton and Bradford, 2011; Figure 4). 
 The Kaiparowits Formation conformably overlies the Campanian Wahweap Formation, 
and unconformably is overlain by the Maastrichtian-Paleogene Canaan Peak Formation (Roberts, 
2007).  The majority of the Kaiparowits Formation is exposed in the Kaiparowits Plateau.  The 
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Kaiparowits Formation is much thinner within the Paunsaugunt Plateau to the west, and not 
present in the Markagunt Plateau to the west (Titus et al., 2016).  Two fault zones separate the 
three plateaus within the Grand Staircase Area; the Sevier fault zone separates the Markagunt 
and Paunsaugunt plateaus, and the Paunsaugunt fault zone separates the Kaiparowits Plateau 
from the Paunsaugunt Plateau (Titus et al., 2013).  The Wahweap Formation is present in the 
Kaiparowits, Panusagunt and Markagunt plateaus (Jinnah and Roberts, 2011).  Correlative 
sections in the western United States are summarized in Figure 5. 
 During the Late Cretaceous, the Farallon Plate was subducting below the North American 
Plate, creating the Sevier Fold and Thrust Belt.  Consequently, a series of sedimentary basins 
(Western Interior Basin; WIB) formed along the Sevier Fold and Thrust Belt due to the Sevier 
and Laramide orogenies (Gates et al., 2010; Figures 6 and 7).  Such an extensive depositional 
system preserved the fossil record of the Late Cretaceous of North America spanning a broad 
latitudinal range and is providing a unique opportunity for studying latitudinal gradient in 
paleoecology as well as horizontal paleoecological succession. 
 Time correlative formations to the Kaiparowits Formation include; the Dinosaur Park 
Formation in Alberta, Judith River and Two Medicine formations in Montana, Mesaverde Group 
in Wyoming and Utah, Fruitland and Kirtland Formation in Colorado and New Mexico, and 
Aguja Formation in Texas (Gates et al., 2010; Figure 6).  Comparison of faunal composition 
among these formations demonstrate elevated biodiversity and strong endemism in the 
Campanian of North America (Sampson et al., 2013; Figure 3). 
Physical Environment 
 The paleolatitude and paleolongitude of the Kaiparowits Plateau during the late 
Campanian are estimated to be ~48° and ~74.6° respectively.  This is close to modern day 
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Quebec, Canada (Blakey, 2009; Paleobiology Database).  Despite the high paleolatitude, the 
paleoclimate of the Kaiparowits Plateau during the Campanian was temperate with ample 
precipitation; the mean annual temperature and precipitation are estimated to be 20.2°C and 
1780mm respectively by physiognomic analysis of dicots (Miller et al., 2013).  The estimate 
using vertebrate and unionid fossils range from 20 to 30°C (see chapter 4), a range that includes 
the previously estimated temperature.  Such climate is similar to modern day Houston; 21.3°C 
and 1390 mm precipitation. 
Faunal Composition 
 Early work on the Kaiparowits paleontology was summarized in Eaton et al. (1999).  A 
series of studies by Titus and Loewen (2013) reports recent paleontological findings. 
 Paleoflora.- The Kaiparowits Formation preserves multiple megafloral sites, and one 
precisely dated (~75.69 to 75.72 Ma) site demonstrate that the Kaiparowits flora was extremely 
diverse (87 morphotypes) and dominated by angiosperms (62 dicots leaf morphotypes) which are 
indicative of a tropical, megathermal and relatively wet climate (Figures 7.4 to 7.9 of Miller et 
al., 2013).  Overall paleofloral composition is similar to the correlative Campanian floras and 
some Maastrichtian floras. 
 Invertebrate.- Tapanila and Roberts (2013) and Roberts et al. (2008) reports unusual shell 
beds from the Blues area, which contain at least five morphotypes of unionid (bivalve) and the 
brackish-water bryozoan Conopeum sp.  Diversity of mollusks in the middle unit also suggest the 
increasingly wet climate in the middle unit (Tapanila and Roberts, 2013) compared to the lower 
unit.  Roberts (2006) also reports on social insect nest discovered in the Blues area of the 
Kaiparowits Formation (Figure 8). 
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 Vetebrates.- Vertebrates in the Kaiparowits Formation exhibit high species diversity and 
many endemic taxa (Sampson et al., 2013).  To date, 14 taxa of turtle, six taxa of crocodile and 
16 taxa of dinosaur have been reported (Sampson et al., 2013).  Seven taxa of elasmobranch 
(shark, ray and sawfish) fishes are reported (Kirkland et al., 2013).  Amphibian assemblages in 
the Kaiparowits Formation show similar salamander taxa to the correlative formations from the 
northern WIB (Gardner et al., 2013).  Anuran (frogs) records are relatively poor in the 
Kaiparowits Formation (Rocek et al., 2013).  The diversity in turtle (14 taxa) is highly elevated 
in comparison to correlative WIB deposits (Hutchison et al., 2013).  The Kaiparowits Formation 
represents the first record of two co-occurring species of Odaxosaurus, and the earliest 
occurrence of anguids (lizards with bony plates) in southern Utah (Nydam, 2013).  The 
crocodyliform assemblage in the Kaiparowits Formation preserves at least three alligatoroid 
(Deinosuchus hatheri, Brachyampsa, and small unnamed taxon), and is similar to the Kirtland 
and Fruitland formations of the San Juan Basin (Irmis et al., 2013). 
 Ornithopod (bird-hipped) dinosaurs from the Kaiprowits Formation include; two distinct 
species of ankylosaurids (Loewen et al., 2013b), Hadrosaurids (duckbilled dinosaur) including a 
Parasaurolophus and two stratigraphically separated Gryposaurus species (Gates et al., 2013), a 
Pachycephalosaurian (dome-head) dinosaur (Evans et al., 2013), at least three ceratopsids 
including Kosmoceratops richardsoni, Utahceratops gettyi (Sampson et al., 2010), and 
Nasutoceratops titusi (Sampson et al., 2013).  Theropod (lizard-hipped) dinosaurs from the 
Kaiparowits Formation include a tyrannosaurid (large carnivorous dinosaur) Teratophoneus 
curriei (Loewen et al., 2013a), an oviraptrosauria (crested and toothless) Hagryphus giganteus 
(Zanno and Sampson, 2005), a Troodontid (small bird-like) Talos sampsoni (Zanno et al., 2011), 
an unidentified Ornithomimidae (medium-sized ostrich like dinosaur), and two morphotypes of 
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Dromaeosauridae (small-theropod; Zanno et al., 2013).  Additionally, an enantiornithine (an 
extinct taxon) bird was reported by Farke and Patel (2012). 
 Most of the mammalian fossils are from below 400 m.  Although the Kaiparowits 
Formation is within the range of the Judithian (North American Land Mammal Age; NALMA, 
Figure 5), only one Judithian species has been identified (Eaton and Cifeli, 2013).  Twenty-nine 
mammalian taxa have been reported, and comparison with correlative formations in WIB 
demonstrate strong latitudinal differences in fauna (Eaton and Cifeli, 2013).  
Stable Isotope Geochemistry 
 Although bioapatite is chemically complex, careful analyses of vertebrate skeletal 
remains can reveal paleobiological and paleoecological information (Tuken and Venneman, 
2011; Figure 9).  The stable isotope compositions of bioapatite and structural carbonate of 
skeletal remains have been used for interpreting diet (e.g. Kohn et al., 2005; Zazzo et al., 2010) 
and thermophysiology (e.g. Barrick, 1998; Amiot et al., 2006) of extinct animals as well as 
paleoclimate (e.g. Fricke et al., 2010; Suarez et al., 2012).  However, stable isotopic 
compositions can be altered through diagenesis of skeletal remains and surrounding sediment 
(e.g. Kohn and Cerling, 2002; Trueman and Tuross, 2002); hence the authenticity of the isotopic 
composition needs to be examined prior to the use of paleobiological/paleoclimatic 
interpretations. 
 Diagenesis.- Bone diagenesis comprises the physical and chemical changes to vertebrate 
skeletal remains throughout time.  The hydrolysis of collagen and/or dissolution of bioapatite 
crystallites can cause loss of vertebrate remains in the rock record (Hedges, 2002).  Although 
fossilized skeletal remains preserve histological characteristics, the chemical composition of 
bioapatite can be altered via overgrowth of bioapatite crystallites (e.g. Hubert et al., 1996; 
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Trueman and Tuross, 2002; Wings, 2004); hence the authenticity of chemical signals needs to be 
verified prior to the use of isotope geochemistry for paleobiological/paleoclimatic interpretation.  
Such an investigation is particularly important for fossils of Mesozoic-age and older because 
physical and/or chemical alteration of bioapatite is more common (e.g. crystallite size and 
incorporation of cations from pore-fluid) in older fossils (e.g. Kohn and Cerling, 2002; Trueman 
and Tuross, 2002; Piga et al., 2011). 
 Authigenic/diagenetic mineral precipitation can be observed with thin-section 
petrography and scanning electron microscopy (Wings, 2004).  Microscopic precipitates are 
difficult to avoid for sampling; hence chemical treatment is necessary to remove 
authigenic/diagenetic mineral precipitates prior to the isotope analysis (Koch et al., 1998).  Due 
to the size of bioapatite crystallites (200 x 50 x 50 Å), direct observation of the crystallites’ 
overgrowth require high power of magnification (i.e. transmission electron microscope).  
Alternatively, X-ray diffraction (Bartsiokas and Middleton, 1992) and Infrared Splitting-Factor 
(IRFS; Wright and Schwarcz, 1996) are used to measure the crystallinity index (Piga et al., 
2011).  Alternatively, comparison of the oxygen isotope composition of structural carbonate 
(18Oc) and phosphate (
18Op) can be used for assessing potential alteration (Iacumin et al., 1996, 
discussed below).  Such assessment is most commonly used in paleoclimatic investigation using 
isotopic compositions of vertebrate fossils. 
 Carbon (13C).- Carbon isotope is a useful for interpreting the diet of animals.  Bone or 
tooth enamel carbonate is formed in equilibrium with blood bicarbonate and its δ13C is closely 
related the metabolism (Lee-Thorp, 2008).  Both closed- and open-system model calculations 
suggest that δ13C of structural carbonate in bioapatite is resistant to diagenetic modification 
(Wang and Cerling, 1994); hence δ13C of structural carbonate can be used for investigation of 
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diet.  Controlled dietary studies demonstrate that the offset between dietary and bone carbonate 
δ13C averages ~+12‰ (Lee-Thorp et al., 1989).  Koch (1998) indicate that average δ13C 
fractionation between diet and bone carbonate is ~+10‰ in feeding experiments, and +12-14‰ 
in wild mammals.  Although the values are slightly different, such isotopic offset has been 
observed among Cretaceous dinosaur bones and organic carbon residue in the surrounding 
sandstone.  For example, Fricke and Pearson (2008) reports that the δ13C values between tooth 
enamel and organic matter residue δ13C consistently show ~18‰ offset.  Additionally, Kohn et 
al. (2005) investigated the carbon isotopic compositions of fossil carnivores from the Camelot 
local fauna in southeastern South Carolina; the carnivores’ tooth carbonate δ13C ranged from -16 
to -13‰ PDB, suggesting that woodland herbivores were their primary prey.   
 Oxygen (18O).- Many studies on oxygen isotope composition of structural carbonate 
(18Oc) ranging from Cretaceous dinosaurs (e.g. Barrick and Showers, 1994 and 1995) to 
Pleistocene mammals (e.g. Bocherens et al., 1996) suggest that the 18Oc in bone and (tooth) 
dentine are susceptible to diagenetic alteration; whereas, some tooth enamel samples show 
potential preservation of 18Oc (summarized on Kohn and Cerling, 2002).  Kohn and Cerling 
(2002) also states that the P-O bond in phosphate is resistant to diagenetic alteration, hence 
oxygen isotope composition of phosphate (δ18Op) is a useful geochemical tracer.  The δ
18O is 
also utilized for water utilization and thermophysiology (Barrick and Showers, 1996; Amiot et 
al., 2006; Suarez et al., 2012). 
 Iacumin et al. (1996) demonstrates the equilibrium between 18Oc and 
18Op in modern 
mammals, and this relationship has been used for assessing the diagenetic alteration of fossil 
bone and teeth.  Amiot et al. (2004) compared large collection of 18Op data from the Cretaceous 
to modern animals, which suggests latitudinal gradient in meteoric water 18O during the 
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Cretaceous is tracked by dinosaurs.  Amiot et al. (2006) expanded the dataset and compared the 
difference in 18Op between the endothermic dinosaur and ectothermic reptiles; the difference in 
18Op also show latitudinal variation and is potentially useful to assess diagenetic alteration. 
 Previous Isotopic Investigation in the Kaiparowits Formation.- Fricke et al. (2009) 
analyzed the isotopic compositions of structural carbonate from gar scales and hadrosaur enamel;  
The 13C of the Kaiparowits fossils are depleted compared to the correlative coastal plain 
Fruitland Formation from San Juan Basin, whereas the 18Oc does not show much difference.  
Foreman et al. (2015) analyzed the C- and O-isotopes from unionids and paleosol, and the 
isotopic compositions indicate that the local meteoric water had significant input from high 
elevation runoffs.  Hudson (2016) analyzed gastropods, which show similar trend to the trend in 
unionids.  Meanwhile, Evans et al. (2016) used oxygen isotope compositions of hadrosaur teeth, 
fish scales, unionids, pond carbonates and pedogenic carbonates to suggest that the local 
paleoclimate of the Kaiparowits Plateau was influenced by the monsoonal precipitation. 
 Highlight of This Study.- The isotopic investigations using sandstone cement (chapter 2), 
concretions (chapter 3) and vertebrate skeletal remains (chapter 4) demonstrate that hydrologic 
changes associated with local tectonics and sea-level change can be determined from combined 
isotopic analysis of vertebrates and rock. It suggests a unique interaction between local 
hydrology and ecosystem in which the high sedimentation rate and subsidence not only allowed 
for the excellent preservation of the Kaiparowits fauna, but the high precipitation rate, 
incorporation of high elevation drainage, and sea-level encroachment allowed for a wide variety 
of hydrologic sources.  The isotopic insight gained from this study can be applied to other WIB 
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Figure 1.  The stratigraphic summary (A) and map (B) of the Kaiparowits Formation.  Modified 
from Roberts (2007).  Age was adapted from the Roberts et al. (2013).  Informal subdivision 
(upper, middle and lower units) by Roberts (2007) was modified based on the difference in 
fluvial style in middle unit; subdivided to lower-middle and upper-middle units.  The reference 
sections (from Roberts et al., 2013) are listed below the map.  Stratigraphic range of the samples 
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Figure 2.  Unique/endemic ceratopsids discovered from the Kaiparowits Formation.  A) A 
Chasmosaurine taxon, Kosmoceratops richardsoni (Sampson et al., 2010) with one meter scale 
bar.  B) A Chasmosaurine taxon, Utaceratops gettyi (Sampson et al., 2010) with one meter scale 





Figure 3.  Campanian paleobiogeography of the two lineages of ceratopsian dinosaurs.  
Highlighted taxa belong to the Kaiparowits Formation.  A) Chasmosaurine paleobiogeography 
map of the Campanian North America.  Letters assigned are the initials of the formation names: 
A=Aguja, F=Fruitland, K=Kaiparowits, D=Dinosaur Park formations.  Adapted from Sampson 
et al. (2010).  B) Centrosaurine paleobiogeography map of the Campanian North America.  
Adapted from Rivera-Sylva et al. (2016).  The color (shades) on the continental mass on both 
maps indicate the interpreted depositional environments; green represents coastal and alluvial 
plain and reddish brown represents highlands.  The gradation in green represents the temperature 




Figure 4.  Paleogeographic map with the interpreted flow direction.  Study area is highlighted 
with the red ellipse.  A) The axial channel system from the Sevier Orogenic belt during the time 
of the deposition of the Wahweap Formation.  Paleo-shoreline was located further inland.  B) 
The transverse channel system from the Combined Arc Terranes during the deposition of the 
Kaiparowits Formation.  Flow direction change take place during the deposition of the middle 




Figure 5.  The Kaiparowits Formation (highlighted) and regional stratigraphy.  The Markagunt 
and Paunsaugunt plateaus are to the west of the study area (Kaiparowits Plateau), and Book 
Cliffs are to the northeast of the study area.  Correlative formations in the Book Cliffs are fluvio-






Figure 6. Map of the Western Interior Basin.  Letters represent Campanian deposit: A) Dinosuar 
Park Formation, B) Judith River Formation, C) Two Medicine Formation, D) Kaiparowits 
Formation, E) Kirtland and Fruitland formations and F) Aguja Formation.  Modified from Gates 






Figure 7. Three dimensional model showing the paleoaltitude of the Sevier Orogenic Belt and 
adjacent area during the Late Cretaceous.  The black arrow indicate the interpreted paleoflow of 
the fluvial system from arc terreain in California to the Western Interior Seaway.  Red ellipse 




Figure 8. Photograph of the insect nest fossil form the Kaiparowits Formation.  A) Field photo of 
the insect nest fossil indicated by the black arrow.  The scale bar is 4cm.  B) Side view of the 





Figure 9.  Schematic diagram of various use of isotope geochemistry.  Modified from Tuken and 
Venneman (2011).  Two main components used in this study are PO4 and CO3.  The 
18O was 
analyzed for PO4, and 






ISOTOPIC EVIDENCE FOR SUDDEN PALEOHYDROLOGIC CHANGE IN THE 
CAMPANIAN (UPPER CRETACEOUS) KAIPAROWITS FORMATION, SOUTH-
CENTRAL UTAH 
DAIGO YAMAMURA 1  




The Western Interior Basin of the North America preserves one of the best sedimentary and 
paleontological records of the Cretaceous in the world.  The Upper Cretaceous Kaiparowits 
Formation is a rapidly deposited fluvial sequence and preserves one of the most complete 
terrestrial fossil record of the North America.  Such a unique deposit provides an opportunity to 
investigate the interaction between the physical environment and ecology.  Stable isotope 
compositions of sedimentary rocks were analyzed to investigate the changing hydrologic 
conditions during the deposition of the Kaiparowits Formation.  Despite the difference in facies 
and sedimentary architecture, the isotope composition does not change significantly at ~110 m 
from the base of the formation.  Among the well-preserved cement samples, stable isotope 
composition indicates a significant hydrologic change within the informal Middle unit; a 6.37‰ 
depletion in 13C and 3.30‰ enrichment in 18O occurs at ~300 m above the base of the 
formation.  The isotope values indicate that the sandstone cements below 300 m were 
precipitated in a mixing zone between marine and terrestrial groundwater, whereas the cements 
in upper units were precipitated in a terrestrial groundwater. 
INTRODUCTION 
 Because the isotopic composition of phreatic groundwater reflects the meteoric water 
isotopic composition, the isotopic compositions of the phreatic carbonate cements are useful for 
investigating paleohydrology.  This proxy was used to investigate the hydrology of Campanian 
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Kaiparowits Formation (Fig. 1).  The Western Interior Basin (WIB) of North America preserves 
one of the most complete sedimentary and fossil record of the Cretaceous (Miall et al., 2008).  
The fossil record of the Campanian (83.6-72.1Ma) demonstrates elevated biodiversity and 
prominent endemism among dinosaur taxa (Sampson et al., 2010).  However, there is no 
consensus for the potential control on such paleoecological trend; for example, Sampson et al. 
(2013) suggests an ecological latitudinal gradient, Horner et al. (1992) suggests habitat 
separation by sea-level fluctuation, and Schmitt and Varricchio (2010) suggests volcano-tectonic 
partitioning for physical separation of faunas/floras.  All hypothesized processes can influence 
the hydrology of the basin; hence investigating the paleohydrology of a Campanian formation 
can support and/or reject previously suggested hypotheses.  As such, the Kaiparowits Formation 
is suitable for such investigation owing to; 1) the completeness of the fossil record (e.g. Sampson 
et al., 2013), 2) the high resolution geochronological framework established by previous 
researchers (Roberts, 2007; Roberts et al., 2013), and 3) detailed sedimentological studies to 
document the provenance, paleo-flow direction and sedimentary architecture (Lawton et al., 
2003; Roberts et al., 2007; Gates et al., 2010; Lawton and Bradford, 2011).  The focus of this 
study is to investigate the origin of the carbonate cement precipitated in shallow groundwater by 
using the stable isotopic composition.  Important parameters include 1) timing of carbonate 
precipitation, and 2) preservation/alteration of primary chemical composition to determine which 
sample can be used to interpret the paleohydrology. 
 The isotope composition of the carbonate cements in sandstones are controlled by various 
factors including depositional environment, pore-fluid chemistry, paleoclimate and sea level 
(Morad, 1998).  The fabric of the cement is an important characteristic for identifying the timing 
of precipitation; e.g. phreatic cements exhibit poikilotopic and microspar texture, whereas vadose 
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cement exhibit pendant texture (Boggs, 2003, p. 530-532).  Calcite cements with poikilotopic 
texture from the Permian Delaware Mountain Groups sandstones contain fairly consistent 13C 
and 18O range (-3.1 to 3.8‰ and 0.3-1.8‰, respect to Pee Dee Belemnite (PDB) respectively), 
whereas late diagenetic dolomite isotope compositions are highly variable; 13C ranging from -
12 to 3‰, and 18O ranging from -7.4 to 0.1‰ (Hays et al., 1996).  Such relationship suggests 
that carbonate cement with diagenetic origin are expected to have a broad range in isotopic 
composition, particularly in the 18O.  As such, a combination of petrographic and stable isotope 
analyses will allow us to decipher the origin and timing of cement precipitation. 
 The objective of this study is two-fold; 1) to assess the possible use of carbonate cement 
in the sandstone as a paleohydrologic proxy, and 2) investigate the paleohydrology of the 
Kaiparowits Formation using isotope composition of cements if cements represent shallow 
groundwater and are nearly penecontemporaneous with sediment deposition.  The isotopic 
composition of cements is hypothesized to represent the shallow groundwater.  Isotopic 
composition of the cements will complement the hypothesized sedimentological change from 
fluvial – estuary to a fluvial dominated system. 
Geologic Setting and Previous Isotopic Investigations 
 The Kaiparowits Formation was deposited between 76.6 and 74.5 Ma as a proximal 
prograding clastic wedge derived from thrust sheets of the Sevier orogenic belt in southeastern 
Nevada and southern California, and the Mogollon Slope in southwestern Arizona (Fig. 1; 
Goldstrand et al., 1993; Roberts, 2007; Roberts et al., 2013).  The majority of the Kaiparowits 
Formation was deposited in a fluvial setting, yet, fluvial style and sediment accumulation rate 
vary throughout the formation (Roberts, 2007; Fig. 1).  The Kaiparowits Formation is informally 
subdivided into three units based on sandstone to mudrock ratio (Roberts, 2007).  These units 
 
28 
include 1) Lower unit (0-110 m), 2) Middle unit (110-530 m) and 3) Upper unit (530-860 m); 
numbers represent the stratigraphic position from the base of the Kaiparowits Formation.  The 
lower portion of the Middle Unit (110-300 m) exhibits evidence for tidal influence in 
sedimentation, leading Roberts (2007) and others to suggest transgression of the nearby western 
interior seaway (WIS) in the Middle Unit.  Mixing with the ocean water is expected to shift the 
isotope compositions of groundwater closer to ocean water; hence the Middle unit is subdivided 
into lower-middle (110-300 m) with tidal influence and upper-middle (300-530 m) without tidal 
influence.  As such, four stratigraphic units in this study are 1) lower (0-110 m), 2) lower-middle 
(110-300 m), 3) upper-middle (300-530 m) and 4) upper (530-860 m; Fig. 1). 
 The Kaiparowits Formation preserves the most complete fossil record of Cretaceous 
among all the upper Cretaceous Formations known to date (Titus et al., 2005 and 2013).  
Examples of such fossil record include the wide array of ceratopsians and one of the highest 
diversity of turtles (Hutchison et al., 2013; Sampson et al., 2013).  Paleontological and 
paleobotanical studies suggest that the paleoecology of the Kaiparowits Formation is similar to 
that of the Maastrichtian (latest Cretaceous) Hell Creek Formation (Sampson et al., 2013; Miller 
et al., 2013).  Sampson et al. (2010) hypothesized that the prominent endemism in ceratopsian 
(horned) dinosaurs during the Campanian is due to the ecological/climatic latitudinal gradient. 
 Stable isotope geochemistry has been employed to investigate the paleoclimate of the 
Kaiparowits Formation by previous researchers.  Fricke et al. (2009) utilized structural carbonate 
of gar scale and dinosaur teeth to compare to values in the correlative coastal plain Fruitland 
Formation.  Fricke et al. (2009) determined that 13C and 18O values are much lighter, 
indicating the orographic runoff.  Foreman et al. (2015) and Hudson (2016) utilized the unioid 
(bivalve), freshwater gastropods (snails), and pedogenic carbonate within the formation to 
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suggest a humid environment and an increase in aggradation rate and hydrologic change related 
to the Laramide uplift. 
MATERIALS AND METHODS 
Experimental Design 
 The goals of this study are 1) to decipher the isotopic composition and differences among 
various rock type and 2) to understand the stratigraphic change in such isotopic compositions.  
The Kaiparowits Formation is 860m thick and represents 2.1 million years (Roberts et al., 2013).  
Ignoring the change in sedimentation and differential compaction, 1m of sedimentary sequence 
represents about 2400 years.  Samples were divided into four stratigraphic groups; lower (0-
110m), lower-middle (110-300m), upper-middle (300-530m) and upper (530-860m) units.  Thus, 
each group represents several 105 years of sedimentation. 
 The mean annual temperature (20.2°C) and precipitation rate (1700mm) were adapted 
from Miller et al. (2013), using paleobotanical records.  From such an environment, average 
humidity is estimated at 70%.  The 18O of ocean water is assumed to be the -1‰ relative to 
Standard Mean Ocean Water (SMOW; -30.91‰ PDB) during the Campanian (Dennis, et al., 
2013). 
Fieldwork 
 Rock samples were collected from each fossil locality during the fieldwork campaign in 
2015-2016 using GPS coordinate provided by Natural History Museum of Utah (UNHM; see 
supplemental material); the samples include sandstone, mudrock and limestone nodules where 
such nodules were found in a close proximity to the fossil localities.  Each sample was collected 
after removing 5-40 cm of exposed portion to avoid the cements potentially altered by surface 
weathering.  Although many of the sandstone samples collected were well-cemented, some 
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sandstone outcrops are very poorly cemented.  The sample collection was conducted in a dry 
season; yet, many mudrock specimens were commonly moist.  Such characteristics suggest 
isotopic composition may be altered by modern meteoric water. 
 The stratigraphic position of each fossil locality was interpreted using the United States 
Geological Survey (USGS) Coal Investigation Maps C-58, 60, 66, 90, 95 and 137 (Bowers, 
1973a, 1973b, 1973c, 1981, 1983 and 1991), published stratigraphic data (Roberts 2007; Roberts 
et al., 2013) and field observation.  Structural contours from the geologic maps were used for 
interpreting the depth of the lower contact of the Kaiparowits Formation.  The stratigraphic 
positon of each locality was estimated using altitude of the locality, depth to the lower contact 
and dip of the bed.  Such estimates were adjusted by comparing to the measured sections on 
Roberts (2007) and Roberts et al. (2013).  
 Death Ridge Area.- The Death Ridge area is located near the Kane - Garfield county 
border.  The localities in the Death Ridge areas represents the lowest stratigraphic group (Fig. 1).  
The channel sandstone ratio is higher relative to the upper units, and the lower contact of the 
Kaiparowits Formation is exposed near the Paradise Canyon Road (dirt road inaccessible for 
full-size vehicle).  Beds near the lower contact in the Death Ridge area are dipping 
approximately 20° west, whereas localities in the Butler Valley are located near Horse Mountain 
Road and the southern extent of the Kaiparowits outcrop.  Various shapes and sizes of 
concretions are found in Death Ridge area.  Many spheroidal concretions are fully exposed and 
lack stratigraphic context.  The reference sections (Roberts et al., 2013) from this group include 
KDR1 (section 4 on Fig. 1) and KDR2 (section 5 on Fig. 1). 
 Butler Valley Area.- The Butler Valley area is located south of the study area lower 
elevation.  The Butler Valley localities are stratigraphically lowermost group and found 
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relatively close to the dirt road.  Despite the geographic separation, lithologic characteristics of 
the Butler Valley outcrops are similar to the Death Ridge outcrops.  The lower contact of the 
Kaiparowits Formation is exposed south of the Butler Valley Quadrangle.  The reference section 
(Roberts et al., 2013) for the Butler Valley is KFMB (section 10 on Fig. 1) sections. 
 Fossil Ridge and Horse Mountain Areas.- The Fossil Ridge and Horse Mountain areas 
are located south of the Death Ridge area (Fig. 1B).  The localities are on the west of the 
Paradise Canyon Road, and the majority are only accessible on foot.  In comparison to the Death 
Ridge localities, Fossil Ridge and Horse Mountain localities are further away from the lower 
contact of the Kaiparowits Formation and stratigraphically higher (Fig. 1A).  The Fossil Ridge 
and Horse Mountain outcrops exhibit similar lithologic characteristics and are stratigraphically 
equivalent.  The reference sections for the Fossil Ridge and Horse Mountain are KFR and KHM 
(sections 6 and 7 on Fig. 1) respectively. 
 Blue Wash Area.- The Blue Wash area is located west of the Horse Mountain area and 
southwest of the Fossil Ridge Area.  The fossil localities from Blue Wash are stratigraphically 
higher than the localities in the Fossil Ridge and Horse Mountain areas and overlapping with 
some localities in the Blues area.  The reference section for the Blue Wash area is the KBW 
(section 9 on Fig. 1).  The dip of the beds are very shallow and almost negligible.  Differential 
erosion of the well cemented and loosely cemented sandstones leaves hoodoos at many outcrops. 
 Blues Area.- All the Blues localities are located north of the Highway 12 (Fig. 1B) and 
are only accessible on foot.  Although the lower contact of the Kaiparowits Formation is exposed 
on the western part of the Blues area, all the Blues localities in this study are from the upper-
middle and upper units.  Many well-cemented concretions are found in the Blues area at around 
 
32 
500 m from the base.  The reference sections for the Blues area include part of the KBC, KBJ 
and KBT (sections 1, 2, and 3 on Fig. 1). 
Petrography 
 Thin-sections were prepared at the University of Arkansas Petrography Laboratory using 
Hillquist Thin-section Machine.  Rock samples were vacuum impregnated in Buehler EpoThin 2 
resin and hardener with Buehler blue dye prior to sectioning.  Sections were ground and polished 
to standard thickness (~30 micron) and finished with 1 micron polishing grit.  Petrographic 
analyses were conducted using Leica petrographic microscope (DM 2700P) attached to DFC 290 
camera.  Micrographs were captured and edited using the Leica Application Suite software. 
Cement Percentage 
 Powdered samples for host rocks were prepared using mortar and pestle at the University 
of Arkansas geochemistry lab.  Mortar and pestle were cleaned between samples with Liqui-
Nox.  About 1 gram (measured to 0.01g accuracy) of powdered samples were dissolved in 3M 
HCl overnight.  The samples were centrifuged, decanted and rinsed three times with deionized 
water after reaction.  Rinsed samples were dried in an oven at 50°C overnight before weighing.  
Difference in weight between decarbonated and original samples was used to determine 
carbonate percentage. 
Stable Isotope Analysis 
 Isotopic compositions of the powdered samples were analyzed using Gas Bench II 
coupled to the Delta Plus XP Isotopic Ratio Mass Spectrometer (IRMS) at the University of 
Arkansas Stable Isotope Laboratory (UASIL).  Instrumental stabilities was monitored using 
National Bureau of Standards (NBS)-19 which produced value of 13C relative to Vienna Pee 
Dee Belemnite (VPDB) = 1.93 ± 0.05‰ 1σ standard deviation and 18O relative to Vienna 
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Standard Mean Ocean Water (VSMOW) = 28.65 ± 0.11‰ 1σ standard deviation.  Reported true 
values of NBS-19 are; 13C = 1.95‰ VPDB and 18O = 28.65‰ VSMOW.  Two in-house 
standards are also used for calibration; University of Arkansas Stable Isotope Laboratory 
(UASIL)-22 and UASIL-23.  UASIL-22 returned values of δ13C = -35.60 ± 0.04‰ VPDB 1σ 
standard deviation and δ18O = -17.07± 0.17‰ VPDB 1σ standard deviation. True values of 
UASIL-22 are δ13C = -35.60‰ and δ18O = -17.07‰. UASIL-23 returned values of δ13C = -0.59 
± 0.09‰ VPDB 1σ standard deviation and δ18O = -14.72 ± 0.12‰ VPDB. True values of 
UASIL-23 are δ13C = −0.60‰ VPDB and δ18O = -14.71‰ VPDB. 
 The isotope ratios of carbon and oxygen of carbonate cements are referred to as 13C and 
18Oc respectively.  
13C and 18Oc values are reported relative to Pee Dee Belemnite (PDB).  
The oxygen isotope composition of water calculated from 18Oc is referred to as 
18Ow and 
reported relative to Standard Mean Ocean Water (SMOW). 
Statistical Analyses 
 Microsoft Excel was used for data management and simple analyses, and the majority of 
the statistical analyses were performed using R.  Isotopic compositions were plotted on bivariate 
plots (13C versus 18Oc) too observe variations among lithology.  To observe the stratigraphic 
variation in cement isotopic composition, bivariate plots were prepared for lower and lower-
middle units.  The upper-middle and upper units were combined due to the smaller sample size 
in upper unit.  Correlation between carbonate content and isotopic composition were investigated 
using bivariate plot.  Boxplots for each isotope ratio (13C and 18Oc) was prepared in order to 
observe the difference among different cements. 
 The normality of the sample distribution was checked using quantile-quantile (Q-Q) plot; 
normality could not be assumed for the mudrock and sandstone group SS3 (see results and 
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discussion).  When normality could be assumed, the isotopic compositions were compared using 
two sample t-test.  The Wilcoxon Rank-Sum test was used as an alternative when normality 
could not be assumed.  The carbonate content and isotope compositions were cross-plotted to 
investigate the correlation between the two.  To observe stratigraphic change, separate bivariate 
plots were prepared for each stratigraphic group; upper-middle (300-530m) and upper units (530-
860m) were combined due to the smaller sample sizes.  The sample size is too small (n=9, only 2 
are from the two upper groups) for distinguishing the isotope compositions of limestone 
stratigraphically; hence hydrologic change over time cannot be interpreted from our data set.   
Conversions 
 Water isotope composition of pore fluid was estimated using the equation from Sharp 
(2007; originally from O’Neil et al., 1969),  
 1000 ln c/w = (2.78 x 10
6) / T2 – 2.89       (1) 
Where c/w is the temperature dependent fractionation factor between carbonate and water, and T 
is temperature in Kelvin.   
 The relationship between mean annual temperature and 18O of precipitation was studied 
by Dansgaard (1964);  
 18Ow = 0.695t -13.6 SMOW         (2) 
Where t is mean annual temperature in °C. 
 The largest enrichment of the 13C occur when CO2 hydrates into bicarbonate (Clark and 
Fritz, 1997, p. 120).  Such enrichment is temperature dependent, and relationship is explained by 
Mook et al. (1974) equation, 
 
103ln13CHCO3-CO2(g) = 9.552 (10




where T is temperature in Kelvin. 
RESULTS 
Petrography and Carbonate Cement 
 Grain contact in imaged sandstones are predominantly point contacts, suggesting limited 
compaction and/or early precipitation of cement.  Sandstones are pervasively cemented with 
calcite (up to 52% by weight), and cements exhibit poikilotopic and microspar texture (Fig. 2A-
D).  Pore space is mostly absent in the well-cemented sandstone and limestone (Fig. 2A-D).  
Grain coatings are absent.  The framework grains are loosely packed; grain contact ranges from 
floating to point contact.  Cement fabric and grain contents of the well-cemented sandstones do 
not exhibit stratigraphic change (Fig. 2A-D).  The limestone nodules are mostly made up of 
micritic carbonate, and detritus content is very low (Fig. 2E, F). 
 The carbonate content of all three rock types are summarized on Table 1.  Sandstone and 
mudrock have broad range, whereas limestone has more consistent carbonate contents.  
Sandstone carbonate content is biased toward higher percentage, whereas mudrock carbonate 
content are biased toward lower carbonate content.   Although there are six highly carbonaceous 
samples, mudrock generally has low carbonate content.   
Isotope Composition 
 The statistical summary of isotope compositions are summarized in Table 2 (see 
supplemental material for complete dataset).  Q-Q plots (see supplemental material) indicate that 
sandstone and mudrock are not normally distributed; hence, isotope compositions were 
compared using Wilcoxon Rank Sum test.  The results from the Wilcoxon Rank Sum test 
indicate statistically significant isotopic differences among rock types (Table 3). 
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 Sandstone.- Stratigraphic change in isotopic composition of the sandstone is 
demonstrated on the Figure 4.  The isotopic compositions of the sandstone are similar in lower 
two units (Fig. 3A, B), and upper two units (Fig. 3C) have lower 13C and higher 18Oc relative 
to lower units.  Overall, sandstone isotopic compositions are clusters into three groups on a 
bivariate plot of 13C and 18O (Fig. 4A); 1) high 13C/low 18O group, 2) low 13C/medium 
18O group and 3) high 13C/high 18O group.  Therefore, sandstone specimens were re-grouped 
into three groups, SS1, SS2 and SS3 respectively for further analyses based on this grouping 
(Fig. 4A,B).  SS2 has a significant overlap in isotopic composition with the limestone, and SS3 
has a significant overlap with the mudrock.  Summary statistics of each group is presented on the 
Table 4. 
 Q-Q plot for each sandstone group indicate that SS1 and SS2 are likely sampled from 
normally distributed population (see supplemental material).  The SS3 18O is normally 
distributed, whereas the 13C is skewed toward higher value.  Thus, Wilcoxon Rank Sum test 
was used for comparison with SS3.  There is strong statistical evidence supporting that isotopic 
compositions of SS1, SS2 and SS3 are different with the exception of the 13C of SS1 and SS3; 
the p-values obtained from t-test and Wilcoxon Rank Sum test are summarized on the Table 5. 
 The majority of the SS1 (22 of 24) specimens are from the two lower stratigraphic units 
(lower and lower-middle), whereas the majority of the SS2 (11 of 12) specimens are from the 
two upper stratigraphic units (upper-middle and upper units).  The two SS1 samples from higher 
groups (from loc. 219 and 483; see supplemental material) do not have discernible difference in 
isotope composition and/or carbonate content from other samples.  The sampling localities for 
these two samples are very close to the interpreted stratigraphic boundary between lower-middle 
and upper middle units. 
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 The only SS2 sample from the two lower stratigraphic units (from loc. 1439) has very 
low (27% lower than the mean) carbonate content and low (1.51‰ lower than the mean) 18O 
value, suggesting a different origin and/or potential indication of weathering/water-rock 
interaction with modern meteoric water.  SS3 specimens are widely distributed in terms of both 
geography and stratigraphy.  Three samples have high (>40%) carbonate content and lower 13C 
values (-5.18 to -3.02‰), suggesting SS3 may be further subdivided despite the small sample 
size.  The rest of the SS3 have low (9-26%) carbonate content and similar isotope content.  
Bivariate plot of the isotope composition demonstrate poor correlation (R2 = 0.012 for 13C and 
0.277 for 18Oc) between the carbonate content and the isotope composition except for mudrock 
13C (Fig. 5A).  Weak correlations were observed between sandstone 13C and carbonate content 
(Fig. 5A; R2 = 0.320).  This correlation is likely due to the inclusion of SS3, which has a strong 
correlation between carbonate content and 13C (Fig. 5C; R2 = 0.721).  Figures 5B and D also 
demonstrates that there is no evidence for the correlation between 18O and carbonate content. 
 Mudrock.- Carbonate content of mudrock range from 11 to 51% with a mean of 27%.  
Isotopic compositions of mudrock do not vary stratigraphically; high 13C with narrow range and 
broad range in 18Oc (Fig. 3).  Overall, carbonate contents are lower in mudrock than other rock 
types; there are only six samples with high carbonate content (more than 40% carbonate cement).  
There is moderate correlation between carbonate content and mudrock 13C (Figure 5A; R2 = 
0.504).  This relationship explains the skewed distribution in 13C Q-Q plot; uneven numbers of 
carbonaceous and non-carbonaceous mudrock skews the 13C distribution.  Although mudrock 
cement show broad range in 18Oc values, there is no discernible trend associated with cement 
content of the host rock or the stratigraphy. 
 
38 
 There are similarity between the isotope compositions (13C and 18Oc) of mudrock and 
SS3 (Fig. 6).  There is no statistical difference between isotopic compositions (13C and 18Oc) of 
mudrock and SS3 (p-value = 0.126 for 13C from a Wilcoxon rank sum test; two-sided p-value = 
0.967 for 18Oc from two sample t-tests).  There is also similarity between 
18Oc of the SS2 and 
limestone, whereas 13C values are different (Fig. 6).   
 Limestone.- The isotope compositions of limestone nodules are distinctively different 
from the other rock types (mean 13C = -6.22‰ and mean 18Oc = -10.18‰, PDB).  Although 
meaningful trend cannot be obtained due to the small sample size (n=9), isotope values do not 
seem to show any relationship with stratigraphy or carbonate content.  The 18Oc has a low 
variability (range = -10.79 to -9.60; SD = 0.494).  The SS2 and limestone isotope compositions 
overlap 13C-18Oc cross-plots (Fig. 5).  Although there is no evidence for the difference between 
18Oc, 
13C is statistically different (Table 5); mean 13C in limestone is 3.30‰ greater than the 
mean 13C of the SS2. 
Isotope Composition of the Pore-fluid 
 Assuming the cement precipitated from shallow groundwater, the temperature of the fluid 
was assumed to be between 10 and 30°C.  Estimated groundwater 18Ow range from -15.03 to -
10.60‰ for SS1, -11.31 to -7.20‰ for SS2.  The 18Ow was not estimated for SS3 because of 
potential diagenetic alteration (see discussion).  Estimated surface (pond/lake) water 18Ow 
ranges from -11.41 to -6.92‰.  Estimates at 10, 20 and 30°C for each group are summarized on 
the Table 6. 
DISCUSSION 
 The three groups of sandstone; SS1, SS2 and SS3 show clear distinction in isotopic 
composition (Fig. 4B).  The SS1 and SS2 samples are well-cemented, whereas the majority of 
 
39 
the SS3 are poorly cemented.  Thus, it is clear that the cements in SS3 have different origin from 
the other sandstone cements.  SS1 and SS2 samples do not exhibit petrographic differences in 
cement fabric, suggesting cements SS1 and SS2 were precipitated under similar physical 
environment. 
 The primary porosity in sandstone are filled by calcite cement (Fig. 2), suggesting that 
cementation took place prior to significant compaction (Boggs, 2003, p. 358-363).  Limited 
porosity is limiting the permeability of the well-cemented sandstone, preventing the further 
diagenetic alteration of cements and framework grains.  The limestone nodules are composed of 
micrite, and very few detrital grains are included (Fig. 2E and F).  Additionally, limestone 
nodules in this study were not associated with evidence for distinctive paleosol horizons.  These 
suggest the limestone was deposited in a lake/pond envirionment. 
Effect of Weathering 
 The majority of the SS3 and mudrock specimens show physical sign of weathering; loose 
cement and moisture held in pore-space.  The mudrock and SS3 are sampled from all 
stratigraphic units and are not restricted in certain stratigraphic positions.  Statistical analyses 
demonstrate that isotope compositions of SS3 and mudrock are indistinguishable; mudrock and 
SS3 have a narrow range in 13C and a wide range in 18O.  Calcite precipitated from meteoric 
water has narrow range in 18O (Lohmann, 1988); hence, cements in mudrock and SS3 are not 
precipitated in the meteoric water environment.  Instead, increased rock-water interaction 
produces carbonate cement with more enriched 13C (Lohmann, 1988).  Thus, the mudrock and 




 Petrographic and stable isotopic evidence points toward calcite cements being 
precipitated in phreatic condition, meaning the isotopic composition of the cement should reflect 
the groundwater chemistry.  The cements in upper (SS2) and lower (SS1) sandstones have 6.36 
and 3.30‰ differences in 13C and 18Oc respectively.  Such compositional difference suggests 
that a significant change in water chemistry took place above 300 m from the base. 
 Based on the physical characteristics and petrography, the limestone nodules are 
interpreted to have formed in a pond environment.  The narrow 18Oc range in limestone 
suggests that the origin of such limestone is related to average meteoric water (Lohmann, 1988).  
Additionally, the isotope compositions of limestone nodules (mean 13C = -6.22‰ and mean 
18Oc = -10.18‰, PDB) are not comparable to the previously reported isotopic compositions of 
pedogenic carbonate from Foreman et al. (2015); -8.7 and -6.0‰ (PDB) for 13C and 18Oc 
respectively (Figure 8).  This is consistent with cements precipitated in the vadose zone, in which 
18Oc enrichment occur due to due to evaporation, and 
13C is depleted due to 
biological/microbial activity. 
 Surface Water.- Pond unionid data set from Foreman et al. (2015) lacks samples from the 
lower two units (below 300 m), and the majority of the limestone samples from this study do not 
overlap stratigraphically.  The average lake/pond 18Ow calculated from the pond unionid 
(Foreman et al., 2015) is -9.6‰, which is comparable to the 18Ow calculated from the limestone 
in this study (-9.09‰) using eq.1.  However, neither estimate matches with the 18Ow estimate 
(0.44‰) using the Dansgaard (1964) relationship (eq.2) with temperature estimate from plant 
fossils (20.2°C; Miller et al., 2013).  The hydrologic cycle during the Cretaceous in North 
America could be dissimilar due to the presence of Western Interior Seaway (WIS) and a 
shallower latitudinal temperature gradient with higher CO2 concentration in the atmosphere 
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during the Campanian (up to ~690 ppm; Quan et al., 2009).  Therefore, the Dansgaard (1964) 
relationship (eq.2) may not hold true regarding the relationship between the 18O of precipitation 
and mean annual temperature in the Campanian.  A similar deviation from the Dansgaard 
relationship has been documented in the overall higher CO2 would of the Early Cretaceous 
(Aptian/Albian; Suarez et al., 2014).  
The fluvial unionid data from Foreman et al. (2015) demonstrates stratigraphic change in 
isotopic composition from the lower two units to the upper units.  The 13C increases from -
4.7‰ in the lower-middle unit to -2.3‰ in the upper-middle unit, whereas 18Oc decreases from 
-12.8‰ in the lower-middle unit to -15.4‰ in the upper-middle unit.  The isotopic compositions 
of sandstone cements also demonstrate the stratigraphic change upsection.  This compositional 
shift is opposite from unionids; 13C decreases and 18Oc increases upsection (Fig. 8).  We 
interpret that the isotopic composition of sandstone cements represent groundwater isotopic 
composition.  Fluvial unionids were interpreted by Foreman et al. (2015) to represent surface 
water runoff from the uplift and exposure in the south and southwest, which is consistent with 
the Lawton and Bradford (2011).  This suggests high variability in hydrologic sources with 
upland precipitation being extremely depleted in 18Ow and enriched in 
13C and local 
groundwater being enriched in 18Ow and depleted in 
13C up-section. 
 The Oligocene to Miocene sedimentary sequence in the Swiss Molasse Basin include 
marginal marine Upper Marine Molasse and fluvial Lower Freshwater Molasse.  The stable 
isotope composition of the calcite cement from four localities in the Swiss Molasse Basin show 
that cement precipitated in the marginal marine setting is more enriched (1.16‰) in 13C 
(Matyas, 1998).  Although the tectonic and paleoclimatic settings are different, such 13C data 
complement the relationship between 13C and sea-level change. 
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 Groundwater.- In terrestrial systems, groundwater 18Ow reflects the meteoric rain water 
18Ow, although variation of the pore-fluid 
18Ow decreases with depth (Velderman, 1993; Clark 
and Fritz, 1997).  Thus, the cements precipitated in the phreatic environment are expected to 
represent average 18O of local meteoric water.  The two groups of sandstone (SS1 and SS2) 
show 3.30‰ offset in 18Ow (
18Ow-SS1 = -13.68 and 
18Ow-SS2 = -10.38‰).  The 
18O values of 
upper sandstone (SS2) cement and limestone nodules are statistically indistinguishable (two 
tailed p-value = 0.492 from two sample t-test).  This suggests that the upper sandstone cements 
also reflect the meteoric water 18O. 
 Groundwater 18Ow calculated from sandstone cements for the lower two units (0-300 m) 
and upper two units (300-860 m) are -12.70 and -9.30‰ respectively.  This change is not 
apparent in vadose water 18Ow (-8.06‰) calculated from the pedogenic carbonate, which does 
not exhibit stratigraphic change in 18Ow (Foreman et al., 2015).  Vadose zone is unsaturated 
with water, and pore-fluid 18Ow enriches via seasonally increased evaporation.  The 
18Ow 
calculated from the sandstone cement is comparable with the stream water 18Ow calculated from 
fluvial unionids (-12.8 ± 1.67 ‰) in lower two units, suggesting that the mixing of stream water 
and local groundwater during the deposition of the lower two units (0-300 m).   
 The stream water 18Ow calculated from fluvial unionids in the upper middle unit (455-
460 m) is -16.3 ± 0.29 ‰, 6.9‰ lighter than the groundwater 18Ow calculated from 
stratigraphically equivalent sandstone cements.  We interpret this to suggest that the mixing 
between groundwater and stream water is absent in upper units potentially due to a rapid drop in 
water table (relative to surface) and/or increased sedimentation rate potentially associated with 
the Laramide Uplift (Fig. 10).  This is consistent with interpretation from Foreman et al. (2015).  
The upper-middle unit is dated as 75.51 ± 0.15 Ma at 420 m, and lower-middle unit is dated as 
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75.97 ± 0.18 Ma at 190 m (Roberts et al., 2013), thereby dating the hydrologic change influenced 
by local tectonic setting between 75.97 and 75.51 Ma. 
 In shallower (early) diagenetic realm, the 13C in pore-fluid is depleted in a vadose zone 
due to higher input from soil-gas CO2, in which CO2 is 
12C enriched.  The 13C in a phreatic zone 
is more enriched due to higher input from metastable carbonate minerals (Allan and Matthews, 
1982).  The similarity in cement fabric suggests cements in both upper and lower sandstones 
were predominantly precipitated in the phreatic environment, and their 13C values are consistent 
with the interpreted hydrologic change.  Dissolved inorganic carbon (DIC) of ocean water is 
more enriched than that of precipitation because 12C is preferentially fixed by marine organisms.  
Mean 13C-DIC of Campanian WIS is estimated -1‰ (PDB; Dennis et al., 2013).  The 
13C of the 
meteoric water is estimated to be -15.2‰ from limestone (13C = -6.33‰) and enrichment factor 
at 20°C (13CCO2-HCO3 = 8.9‰) (eq.3).  Thus, estuarine environment would have higher 
13C than 
freshwater environment.  Roberts (2007) interpreted that the lower-middle unit (110-290 m) was 
deposited in estuarine environment and overlying units were deposited in an alluvial plain. 
 Figure 9 includes the pedogenic carbonate data from Foreman et al. (2015), and the 
isotopic compositions of the pedogenic carbonate are distinctive from the other cement.  Figure 
9A summarizes the interpreted hydrologic setting for cements; the isotopic similarity between 
mudrock and SS3 and isotopic difference between SS1 and SS2 are clearly demonstrated.  The 
high 13C and high 18Oc cluster include mudrock and SS3 and represent the weathered rock 
isotopic composition.  The high 13C and low 18Oc cluster include SS2 and represents the mixed 
fluvial and groundwater isotopic.  The medium 13C and low 18Oc group include limestone and 
SS2 and represent the mean meteoric water isotopic composition.  The low 13C and high 18Oc 
group include the pedogenic carbonate and represent vadose water isotopic composition.  Similar 
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relationship between isotopic compositions of fluvial sandstone cement and pedogenic carbonate 
are observed in the Eocene formations from the Wind River Basin, WY (Fan et al., 2011).  The 
affinity of the sandstone cement 18Ow to the river 
18Ow (in the lower unit) and local average 
meteoric 18Ow (in the upper units) are demonstrated on the Figure 9B.  This relationship can be 
used for investigating 1) local meteoric 18Ow, 2) change in fluvial system and base level  and 3) 
presence/absence of seasonal aridity in the other WIB deposits.   
CONCLUSION 
 Petrographic and isotopic investigation of sandstone cements compared to limestone, 
pedogenic carbonate and unionids provides important insights to the local paleohydrology of the 
Kaiparowits Plateau during the Late Campanian.  Local meteoric water 18Ow is interpreted to be 
-10‰ (SMOW) based on the limestone 18Oc.  The 
18Ow calculated from pedogenic carbonate 
18Oc demonstrates the evaporative enrichment, suggesting seasonal aridity. 
 The change in isotopic composition of the sandstone cement (13C deplete 6.36‰ and 
18Oc enriches 3.30‰) at 300 m above the base indicates the major hydrologic change.  The 
13C 
depletion is consistent with the sedimentology; estuarine to more fluvially dominated system 
(Roberts, 2007). 
 The age of this hydrologic change can be interpreted using precisely dated beds; Ash Bed 
KP-07 (75.97 ± 0.18 Ma; Ar/Ar) and Ash Bed KBC-109 (75.51 ± 0.15 Ma; Ar/Ar) from Roberts 
et al. (2013).  The stable isotope in the sandstone cement complements the regression interpreted 
by sedimentary record (Roberts, 2007); however, the higher 13C value suggests that the 
lowermost unit was also deposited in an estuarine setting. 
 Although stable isotope compositions of fossils and pedogenic carbonate have been 
utilized for paleoclimate investigation, sandstone cement was not used as a paleoclimatic proxy 
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for the Western Interior Basin.  The results from this study demonstrate the potential use of 
isotopic compositions in sandstone cement as a paleoclimatic proxy.  Thus, sandstone cements 
from other formations need to be investigated for comparing the local hydrology across the 
Western Interior Basin.  Such investigation will be useful for studying the latitudinal climatic 
gradient as well as niche separation due to hydrology. 
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Table 1.  Summary of the carbonate content 
  
  n 
mean 
percentage median range SD 
Sandstone 49 38% 41% 9-52% 0.118 
Mudrock 28 27% 27% 11-51% 0.100 
Limestone 9 69% 72% 61-78% 0.070 
 
Table 2.  Statistical summary of carbonate and isotope content in each rock type. 
      
  
13C (‰, PDB)  
18O (‰, PDB)  
  n mean range SD mean range SD 
Sandstone 49 -4.44 -11.30 to -0.27 3.301 -11.77 -15.93 to -7.45 2.331 
Mudrock 31 -1.30 -4.19 to -0.01 1.105 -8.77 -14.92 to -5.4 2.081 
Limestone 9 -6.33 -8.14 to -4.22 1.366 -10.18 -10.79 to -9.60 0.494 
 
Table 3.  Summary of the t-test between sandstone and mudrock isotope composition. 
      
 
13C   
18O   
  W p-value Significance W p-value Significance 
Sandstone 
vs. Mudrock 261.5 8.73E-07 Very strong 253 5.67E-07 Very strong 
Sandstone 
vs. 
Limestone 355 0.026 Strong 155 0.069 Strong 
Mudrock vs. 






Table 4.  Statistical summary of the host rock isotope composition comparison. 
      
   δ
13C (‰, PDB)   
18O (‰, PDB)  
  n 
carbonate 
content mean range SD mean range SD 
SS1 26 41% -3.15 
-5.94 to 




SS2 12 45% -9.51 
-11.30 
to -7.18 1.310 -10.38 
-11.84 
to -9.40 0.799 
SS3 11 24% -1.97 
-5.18 to 
-0.73 1.600 -8.75 
-10.25 
to -7.45 0.798 
 
Table 5. Summary of the statistical test for sandstone types. 
          
 
13C   
18O    








11 t-test Very strong 
SS1 vs. 
SS3 NA 0.394 
No 












strong 0.20 0.492 t-test No evidence 
SS3 vs. 
Mudrock NA 0.1258 
No 










Table 6. Statistical summary of the 18Ow estimates. 
      
 
18Ow (‰, SMOW) 
  10°C SD 20°C SD 30°C SD 
SS1 -15.03 1.104 -12.7 1.104 -10.60 1.104 
SS2 -11.31 0.825 -9.3 0.825 -7.20 0.825 
LS -11.41 0.508 -9.09 0.508 -6.96 0.508 
From Foreman et al. (2015)     
Pond 
Unionid -9.5 1.8     
Fluvial 
Unionid -13.7 2.1     





Figure 1.  The map and stratigraphic summary of the Kaiparowits Formation.  Modified from 
Roberts (2007).  Informal subdivision (upper, middle and lower units) by Roberts (2007) is based 
on the sandstone : mudrock ratio.  Middle unit was further subdivided to lower-middle and 
upper-middle units in this study based on the change in fluvial style.  The reference sections 
(from Roberts et al., 2013) are listed below the map.  Stratigraphic range of the samples from this 




Figure 2.  Photomicrographs sandstone (A-D) and limestone (E-F).  A) Sandstone from the loc. 
596 (upper-middle unit) under plane polarized light (PPL).  Grain contacts range from point to 
tangent.  Quartz, rock fragment and biotite are present in the field of view.  B) Sandstone form 
the loc. 596 under cross polarized light (XPL).  Intergranular space are mostly filled with calcite 
cement.  Cement fabric is mostly microspar, and calcite precipitation is displacing the biotite 
crystals.  C) Sandstone from loc 511 (lower unit) under PPL.  Grain composition and grain 
contact are very similar to sandstone from the upper units.  D) Sandstone form loc 511 under 
XPL.  Cement fabric is similar to the sandstone form the upper units.  E) Limestone from loc. 
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348 under PPL.  Majority of the section is micritic mud.  Organic residue and silt grains are also 




Figure 3.  Bivariate plot of isotopic composition in each stratigraphic division.  Ellipse indicate 
95% confidence interval (CI) for each group.  A) Lower unit (0-110m).  Despite some overlap, 
three lithologies are separated on the bivariate plot.  B) Lower-middle unit (110-300m).  The 
distribution and grouping are very similar to the lower unit.  C) Upper part of middle unit (300-
530m) and Upper unit (530-860m).  Upper-middle and upper units were combined due to the 
small sample size in the upper unit.  The 95% CI for limestone is absent because sample size 





Figure 4.  Bivariate plots showing that each rock type have distinctive isotope composition.  A) 
Three rock types have distinctive isotopic compositions; sandstone has broad 13C and 18O 
ranges, mudrock has narrow 13C and broad 18O ranges and limestone has broad 13C and 




Figure 5.  Bivariate plots of the carbonate content and isotopic composition.  (A) Bivariate plot 
of carbonate content and 13C for three rock types.  Although mudrock 13C and carbonate 
content have moderate correlation, sandstone and limestone 13C do not exhibit correlation with 
carbonate content.  (B) Bivariate plot of carbonate content and 18O for three rock types.  None 
of the rock types has a correlation between carbonate content and 18O.  (C) Bivariate plot of 
carbonate content and 13C for three sandstone groups.  SS3 have strong correlation between 
carbonate content and 13C, whereas SS1 and SS2 do not have such correlation.  (D) Bivariate 
plot of the carbonate content and 18O for three sandstone groups.  None of the sandstone groups 





Figure 6.  Boxplot of the isotope compositions of each rock type and sandstone group.  A) 
Boxplot for the 13C showing similarity between mudrock and SS3.  B) Boxplot for the 18O, 




Figure 7.  Bivariate plot indicating the isotopic difference in limestone from this study and 




Figure 8.  The change in isotope composition.  (A) Stratigraphic change in 13C.  The 
stratigraphic trend across lower-middle to upper-middle boundary is opposite in sandstone 
cement and fluvial unionid.  (B) Stratigraphic change in water O-isotopic composition (18Ow) 
interpreted from the carbonate.  The stratigraphic trend in 18Ow is opposite between sandstone 
cement and fluvial unionids.  The unionid data are from Foreman et al. (2015), and stratigraphic 




Figure 9.  The cement isotopic composition and stratigraphic change of the 18Ow values.  
A)Bivariate plot summarizing isotope composition of the cements and interpreted 
paleohydrologic condition.  B) The stratigraphic change in 18Ow demonstrating the mixing 
between groundwater and river water in lower units.  Groundwater (phreatic) 18Ow shifts closer 
to the meteoric water in upper units potentially due to the separation of two water bodies due to 













GEOCHEMICAL SIGNIFICANCE OF THE SPHEROIDAL CONCRETIONS FROM THE 
KAIPAROWITS FORMATION, SOUTH-CENTRAL UTAH 
DAIGO YAMAMURA 1 




The Campanian Kaiparowits Formation preserves one of the best fossil records of the Cretaceous 
North America.  Fossils from the Kaiparowits Formation are useful for paleoclimatic 
investigations; yet, potential alteration of the geochemical composition is problematic for such 
investigations.  In an effort to study the pore-fluid geochemistry during diagenesis, isotopic 
compositions of concretions from the Kaiparowits Formation were analyzed.  Concretions have 
various sizes and shapes; sizes range from a few centimeters to tens of meters.  Some tube-like 
concretions show orientation, potentially indicating paleoflow direction of groundwater.  Some 
concretions are resting on outcrop, completely detached from the host rock.  The host rocks do 
not show difference in grain characteristics; yet, grains are poorly cemented.  Despite the 
difference in physical appearance (i.e. color and shape), the isotopic compositions of cements in 
concretions are similar to well-cemented sandstone bodies in similar stratigraphic positions 
(mean 13C = -9.48 and -9.51‰ for concretion and sandstone respectively, and mean 18O = -
9.60 and -10.21‰ for concretion and sandstone respectively).  Isotope compositions of the host 
rock are similar to that of mudrock and weathered sandstone.  These results suggest the origin of 
cementing fluids for the sandstone and concretions were the same indicating that: 1) the 
concretions were formed in shallow groundwater and not related to the groundwater migration, 





 Concretions preserve diagenetic pore-fluid chemistry associated with groundwater flow 
and/or water-rock interactions (Seilacher, 2001; Chan et al., 2007).  Oriented concretions in the 
Kaiparowits Formation have previously been interpreted as products of groundwater flow 
associated with the Laramide Orogeny that postdates the deposition of the Kaiparowits 
Formation by 10 million years (Roberts and Chan, 2010).  This interpretation was tested using 
stable isotope geochemistry. 
 The Kaiparowits Formation preserves one of the most complete fossil record in the North 
America (Titus et al., 2005 and 2013).  Preservation of fossils depends on a variety of processes 
ranging from sedimentary processes to the pore-fluid chemistry.  Late-stage diagenetic chemical 
alteration of fossil biomineral is problematic to the use of fossils as paleoclimatic proxies (e.g. 
Kohn and Cerling, 2002); hence diagenetic alteration needs to be investigated.  Some diagenetic 
features are easily observed (i.e. authigenic mineral precipitation; Wings, 2004); yet, chemical 
alteration can take place in submicroscopic scale, making it difficult to detect (Trueman and 
Tuross, 2002).  Therefore, assessing diagenetic pore-fluid geochemistry using cement and 
concretion geochemistry can help decipher the potential chemical alteration of fossil biomineral. 
 Characteristics of cement fabric in clastic sediments is important for identifying condition 
of precipitation; for example, phreatic cement exhibits poikilotopic texture, whereas vadose 
cement exhibit pendant texture (Boggs, 2003, p. 531).  Carbonate precipitation can be localized 
due to water-rock interaction and/or movement of groundwater, leaving distinct three 
dimensional shape; for example oriented calcite concretions indicate advective mass transfer, 
whereas spheroidal concretions indicate diffusive mass transfer (Davis, 1999; Seilacher, 2001; 
McBride et al., 2003). 
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 The isotopic compositions of carbonate cements in sandstones are controlled by various 
factors including depositional environment, pore-fluid chemistry, climate and sea level (Morad, 
1998).  Thus, isotopic compositions of cement with different origin are expected to be different.  
Roberts and Chan (2010) identified five types of concretions from the Kaiparowits Formation; 1) 
oriented, elongated tubes, pipes and botryoidal calcite concretions, 2) large spheroidal carbonate 
concretions, 3) small spheroidal carbonate concretions, 4) small spheroidal pyrite concretions, 5) 
layered ferricrete.  The study was focused on large carbonate cemented concretions (#1-3).  As 
such, pyrite and ferricrete were excluded.  The small spheroidal carbonate was not sampled due 
to inadequate sampling.  
Geologic Setting 
 The Kaiparowits Formation was deposited between 76.6 and 74.5Ma in a fluvial system 
that drained the Sevier highlands and occasionally was influenced by marine incursion from the 
Western Interior Seaway (Roberts, 2007; Roberts et al., 2008).   Sediments are derived from the 
Sevier orogenic belt, thrust sheets in southeastern Nevada and southern California, and the 
Mogollon Slope in southwestern Arizona (Figure 1; Goldstrand et al., 1993; Roberts, 2007; 
Roberts et al., 2013).  The Kaiparowits Formation is informally subdivided into three units based 
on sandstone : mudrock ratio (Roberts, 2007).  The sedimentology indicate there is a difference 
in paleoflow direction between the Capping Rock member of the Wahweap Formation and the 
middle unit of the Kaiparowits Formation (Lawton et al., 2003; Roberts, 2007).  Although there 
is some disagreement between Roberts (2007) and Lawton and Bradford (2011), a shift in 
paleocurrent direction takes place within the middle unit, from east to north (Figure 2). 
 The Paunsaugunt Fault Zone separates the Kaiparowits Plateau from the Paunsaugunt 
Plateau (Roberts 2007; Titus et al., 2013).  The major structures in the Kaiparowits Plateau 
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include the Table Cliffs Syncline and East Kaibab Monocline, related to the Laramide uplift 
(Bowers, 1972; Figure 1).  The growth faults in the East Kaibab Monocline indicate that the 
onset of Laramide uplift was as early as the Early Campanian (Tindall et al., 2010). 
MATERIALS AND METHODS 
 The GPS coordinates for concretion localities were provided by Roberts (per. comm).  In 
the locations where concretions are still in contact with the surrounding sandstone beds, 
surrounding sandstones were sampled for isotope analyses.  Thirteen concretion and five 
sandstone bed samples were collected in March of 2016 from six locations.  Colors of the 
concretion (weathered and freshly broken surfaces) were documented using a Munsell Rock 
Color Book.  
Cement Percentage 
 Powdered samples for host rocks were prepared using mortar and pestle at the University 
of Arkansas geochemistry lab.  About 1 gram of powdered samples were dissolved in 3M HCl 
overnight.  The samples were centrifuged, decanted and rinsed three times with deionized water 
after reaction.  Rinsed samples were dried in an oven at 50°C overnight before weighing.  The 
weight difference between the decarbonated and original samples was used to calculate the 
percent loss of carbonate mineral. 
Stable Isotope Analysis 
 Isotopic compositions of the powdered samples were analyzed using a Gas Bench II 
coupled to the Delta Plus XP Isotopic Ratio Mass Spectrometer (IRMS) at the University of 
Arkansas Stable Isotope Laboratory (UASIL).  Precision and accuracy were determined using 
NBS-19 which produced value of 13C-VPDB = 1.93 ± 0.05‰ 1σ standard deviation and 18O-
VSMOW = 28.65 ± 0.11‰ 1σ standard deviation.  Reported true values of NBS-19 are; 13C = 
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1.95‰ VPDB and 18O = 28.65‰ VSMOW.  Two in-house standards are also used for 
calibration; UASIL-22 and UASIL-23.  UASIL-22 and USAIL-23.  UASIL-22 returned values 
of δ13C = -35.60 ± 0.04‰ VPDB 1σ standard deviation and δ18O = -17.07± 0.17‰ VPDB 1σ 
standard deviation. True values of UASIL-22 are δ13C = -35.60‰ and δ18O = -17.07‰. UASIL-
23 returned values of δ13C = -0.59 ± 0.09‰ VPDB 1σ standard deviation and δ18O = -14.72 ± 
0.12‰ VPDB. True values of UASIL-23 are δ13C = −0.60‰ VPDB and δ18O = -14.71‰ VPDB. 
Statistical Analyses 
 Microsoft Excel was used for data management and simple analyses, and the majority of 
the statistical analyses were performed using R.  Isotope composition (13C and 18O) of the 
samples were plotted on a bivariate plot to compare the concretion to host rock and other 
carbonate cements in the formation.  The mean isotopic compositions of the concretions and host 
rock were compared using two-sample t-test.  The isotopic compositions of the concretions were 
also compared to other sandstone cements as well as limestone nodules from the Kaiparowits 
Formation using the two-sample t-test.  The isotopic compositions of the host rocks were 
compared to the mudrock and weathered sandstone.  The Wilcoxon Rank-Sum test was used 




 All concretions are very well cemented.  The weathered surface is moderate reddish 
brown in color (10R 4/6), and freshly broken surface is light olive gray (5Y 5/2) in color.  Such 
physical properties distinguish concretions from the surrounding rock.  Shape and size of 
concretions were highly variable; spheroidal, botryoidal, and elongated/directional concretions 
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were found, and diameter of spheroid and tube range from 30cm to several meters.  The size and 
shape of concretions are not uniform in each locality.  As discussed in Roberts and Chan (2010), 
the orientation of the concretions do not match with the paleo-flow direction of the fluvial 
system during the deposition of the Kaiparowits Formation. 
 Host Rock.- The sandstone enclosing concretion are referred to as host rock (Figure 3A-
B).  Host rocks are poorly cemented and weathered more significantly in comparison to the 
concretions.  Despite the difference in cementation, the grain characteristics (shape and size) are 
very similar; medium-coarse sand size.  Sedimentary structures preserved include ripple and 
trough cross-lamination.  The color of the freshly broken surface is similar to that of concretions 
enclosed (light olive gray: 5Y 5/2), and weathered surface range from light olive gray (5Y 5/2) to 
pale yellowish orange (10YR 8/6). 
 Spheroidal Concretion.- Spheroidal concretions were present in localities one and four 
(Figure 3B).  The diameter of spheroid range from 30 cm to 2 m.  Medium-sized spheroids (30-
50 cm) commonly occur in large concentrations, and many of them are eroded out of the original 
sandstone beds.  Large spheroids (1-2 m) are often intact within the original sandstone beds 
without clear distinction in grain size. 
 Directional Concretion.- Directional concretions are very common; they were present in 
localities one, two, three and five.  Many directional concretions are fully exposed and isolated 
(Figure 3C).  Directional concretions from locality has smooth surfaces, whereas directional 
concretions from localities two, three and five have a botryoidal texture (Figure 3D).  Botryoidal 
concretions from localities two and three are completely exposed and some lack stratigraphic 
context.  Overall geometry of botryoidal concretions vary from tube- to plate-like and thickness 
of the concretion is generally under 60 cm. 
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 Botryoidal fabric of the concretions from locality five are large and elongated, potentially 
indicating groundwater flow; such direction frequently change on the different levels of the 
outcrop (Figure 3G).  The botryoidal fabric resembles flute cast, however, the same features are 
present on both sides (top and bottom) of the beds; hence they are post-depositional in origin.  
Multiple concretionary bodies are separated by loosely cemented host rock (Figure 3H). 
 Tabular Concretion.- Tabular concretions are referred to in a similar study by Roberts 
and Chan (2010).  Similar to the directional concretions, tabular concretions have an elongated 
body.  However, tabular concretions are very thick (1-2m), and original bedding contacts 
separate the concretion from the host rock (Figure 3F). 
 Tabular concretions were present in localities four and six.  These concretions are 
distinguished from the other well cemented sandstone from the area based on the color on the 
weathered surface (reddish brown).  Tabular concretion in locality four is about 2m thick and 
exhibit trough-cross bedding, whereas weathered host rock exhibit planar lamination (Figure 3F).  
Weathered host rock also exhibit many tafoni; erosional pits (Figure 3F).  Many small to medium 
sized (30-50cm) spheroidal conceretions are associated with tabular concretions.  Sedimentary 
structures are difficult to observe on some of the tabular concretions; yet, slightly weathered 
tabular concretions exhibit planar-trough cross-lamination. 
 Poorly Cemented Spheroidal Sandstone.- The sandstone beds below the exposed 
concretion show spheroidal shape; However, these spheroidal sandstones are poorly cemented.  
The spheroidal sandstones also possess cross bedding.  Additionally, the spheroidal bodies of 
sandstone have small nodular bodies on the eroded surface (Figure 3-C).  These smaller nodules 
were originally interpreted as small carbonate spheroids from Roberts and Chan (2010), yet 




 Carbonate Content in the Concretions.- Carbonate content of the samples are 
summarized on the Table 1 along with the isotope composition.  The concretions have very high 
carbonate content (mean = 47%, standard deviation (SD) = 0.0078), except for the concretion 
from the locality 4 (24%).  Large spheroidal sandstone from locality two was originally 
suspected to have carbonate cementation; yet they contain only 10% carbonate by weight (Table 
1).  Similarly, the small nodules have 7% carbonate; hence smaller spheroids were excluded 
from the concretion and grouped with the host rock. 
Isotope Composition 
 The isotope compositions of concretion and host rock are summarized on the Table 1.  
Although the 13C values are somewhat variable (range = -11.46 to -6.49‰, SD = 1.422), the 
18O values are fairly consistent (range = -10.69 to -8.97‰, SD = 0.426) among concretions 
from the Blues area. 
 The 13C and 18O values between concretion and host rock are significantly different 
from each other (two-tailed p-values < 0.001 for 13C and 0.017 for 18O, both from two-tailed t-
test).  The mean 13C of the concretion is 8.06‰ lower than the mean 13C of host rock 
(confidence interval from 6.42 to 9.71‰).  The mean 18O of the concretion is 1.07‰ lower than 
the host rock (confidence interval from 0.21 to 1.93‰). 
 Compared to the results from the previous chapter (see suppl. material), the concretions 
have similar isotopic compositions to the other well-cemented sandstone from the equivalent 
stratigraphic positions.  Cementation in well-cemented beds are not localized to small body and 
are uniformly distributed throughout the bed.  There is no evidence for the mean 13C difference 
between concretions and well-cemented sandstone.  Although two-sample t-test demonstrates 
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significant differences in 18O between host sandstones and concretions, the average difference 
between the two is only 0.61‰. 
 Bivariate plot of 13C and 18O (Figure 4B) also exhibits isotopic similarity between the 
concretion and limestone nodule 18O (two-sided p-value = 0.146 from a two-sample t-test).  
However, the statistical analyses indicate a significant differences for 13C between concretion 
and limestone nodules (two-sided p-value = 0.0001 from a two-sample t-test) with an average 
difference of 3.01‰ (confidence interval from 1.69 to 4.33‰).    
 In contrast, host rock has a similar isotopic composition to the mudrock and weathered 
sandstone.  Two-sample t-tests demonstrate that there is no statistically significant isotopic 
difference between host rock and weathered sandstone (p-values = 0.234 and 0.799 for 13C and 
18O respectively) and between host rock and mudrock (two-sided p-values = 0.945 and 0.929 
for 13C and 18O respectively). 
DISCUSSION 
 Despite the difference in fabric and cementation, there is no conclusive evidence to 
support the difference in origin between concretions and well-cemented sandstone from the 
similar stratigraphic positions.  The concretions have a narrow range (from -10.69 to -8.97‰ 
with standard deviation of 0.426) in 18O, which is indicative of meteoric water origin 
(Lohmann, 1988).  Similarly, 13C values also support the common origin of concretions and 
well-cemented sandstone; mean 13C of concretion is -9.48 ± 1.42‰ and 13C of well-cemented 
sandstone = -9.51 ± 1.31‰.  These results suggest that concretions were precipitated in shallow 
phreatic condition and are not related to the later fluid movement associated with the Laramide 
uplift as suggested by Roberts and Chan (2010).  Alternatively, the migrated groundwater 
associated with the Laramide orogeny could have similar isotopic composition to the pore-fluid 
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during deposition.  To investigate such relationship, concretions from different stratigraphic 
position and/or from adjacent formation is necessary. 
 The loosely cemented spheroidal sandstone and smaller nodules on such sandstone 
bodies do not contain much carbonate (7-10%) and have similar isotopic compositions with host 
rock and weathered sandstone: large spheroid 13C = -1.04‰, small nodule 13C = -0.99‰ and 
mean 13C of weathered sandstone and mudrock = -1.47 ± 1.10 ‰.  Although there is no isotopic 
evidence to differentiate their origin, physical characteristics suggest that these sandstone bodies 
were cemented previously.  Differential erosion of their cement may be a function of porosity 
difference and/or difference in cement mineralogy.  Because carbonate cement tends to be 
flushed during the latest diagenetic stage (telogenesis; Boggs, 2003, p. 533-534), loss of 
carbonate cement in these sandstone are interpreted as a recent event. 
 The tabular concretions from locality four indicate different isotopic compositions both in 
concretion and host rock.  Additionally, the carbonate composition of the concretion is 
significantly (24%) lower than the mean among all other concretions.  The result suggests that 
the chemistry of the pore-fluid was different between cementation and later stage diagenesis.  
Alternatively, such differences may be related to the sampling location within the concretion.  
Curtis and Coleman (1986) demonstrate that 13C gets depleted in 13C toward outer rim of the 
concretion due to a change in 13C content in the pore-fluid.  The concretions from locality four 
are very large, and sampling might have been biased toward outer part of the concretion. 
 Comparison with Previous Interpretation.- Roberts and Chan (2010) interpreted different 
origins for elongated concretions (Figure 3B,G) and the large spheroidal concretions (Figure 
3A); before (spheroidal) and after (elongate) the regional folding event.  The isotopic evidence 
does not support this interpretation.  Assuming fluid migration took place during later-stage 
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diagenesis, concretions formed in post-depositional fluid injected during regional folding should 
show similar isotopic compositions.  Previous chapter (see suppl. material) indicate that isotopic 
compositions of well-cemented sandstone reflect early phreatic fluid and show stratigraphic 
changes in isotopic composition associated with orographically depleted river water.  If 
concretions were formed during later-stage diagenesis associated with fluid movement, 
concretions throughout the Kaiparowits Formation should have similar isotopic values. 
CONCLUSION 
 Isotopic composition of concretion carbonate cements in sandstone bodies of the 
Kaiparowits Formation indicate weathering of calcite cement from the host rocks.  Despite the 
morphological difference among the concretions, isotopic compositions suggest all concretions 
were formed in similar pore-fluids.  Additionally, concretion and well-cemented sandstone from 
similar stratigraphic positions have similar isotopic composition, suggesting that sandstone 
cementation and concretion formation took place in the same pore-fluid.  Such result contradicts 
the previous interpretation by Roberts and Chan (2010) that concretions formed from fluids 
injected into the region during the Laramide Orogeny.  This study demonstrates how stable 
isotopes can be a powerful tool for paleohydrologic and petrogenesis investigations.   
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Table 1. Isotopic compositions of the concretions. 
 
  type 13C 18O % soluble 
Concretions    
Loc. 1-
1 Large, spheroidal -9.47 -10.69 47% 
Loc. 1-
2 Medium, spheroidal -6.49 -9.69 44% 
Loc. 1-
3 Directional -9.96 -9.39 44% 
Loc. 2 Directional/Botryoidal 
-
10.72 -9.91 49% 
Loc. 3 Botryoidal 
-
11.46 -9.91 59% 
Loc. 4 Large, tabular -7.54 -9.5 24% 
Loc. 5-












10.28 -9.24 50% 
Loc. 6-
1 Large, tabular -8.32 -8.97 50% 
Loc. 6-
2 Large, laminated -8.63 -9.57 47% 
Loc. 6-
3 Large, tabular -9.01 -9.36 47% 
 mean -9.48 -9.60 47% 
 SD 1.422 0.426 0.078 
Host Rocks    
Loc. 2 small spheroid -1.04 -9.97 7% 
Loc. 2 tabular bed -0.63 -8.12 16% 
Loc. 2 large spheroid -0.99 -9.12 10% 
Loc. 4 tabular bed -2.52 -7.73 16% 
Loc. 5 tabular bed -0.6 -8.54 15% 
 mean -1.16 -8.70 13% 






Figure 1.  Regional map (A) and stratigraphic summary (B) of the Kaiparowits Formation 




Figure 2.  Comparison of the flow direction from Roberts (2007) and Lawton and Bradford 







Figure 3.  Outcrop pictures of the concretions.  A) Large spheroidal concretion from the location 
1.  The height of the concretion is about 1.1m, and still in contact with the host rock.  B) Large 
concentration of concretions from the location B.  Majority of oriented tube-like concretions are 
detached from the host rock.  C) Loosely cemented large spheroidal bodies of sandstone.  Height 
of the spheroid is about 1m.  The arrow points at a smaller nodular body, and bracket highlights 
one of the spheroidal bodies.  D) A broken fragment of concretion showing botryoidal shape.  E) 
Large concretion from the location 4.  The thickness of the host rock is about 2m, and the 
concretion is about 1.5m thick.  F) The boundary between concretion and host rock.  Many pitted 
erosion (tafoni) are found near the boundary.  G) Oriented concretion with changing directions 
from the locality 5.  Scale bar is 15cm (6 inches).  H) The cross sectional view of the oriented 
concretions and host rock.  A pen was set as a scale and to locate the boundary between 
concretion and host rock.  I) The concretion from the location 6, showing laminated body (on the 
left) and tabular body (on the right).  Each colored section of the tape measure (A, D and G) is 




Figure 4.  Bivariate plots of isotope composition.  The ellipse indicate 95% confidence interval 
(CI).  A) Comparison of the concretions and host rock isotope compositions.  The red arrow 
indicate the isotopic difference between host rock and concretion from the Blues area.  One 
concretion sample outside of the 95% CI is collected in Death Ridge area.  B) Comparison of the 
isotopic compositions of concretions to other carbonate cements from the area.  The cement from 
lower sandstone is significantly different.  The concretions have significant overlap with the 
limestone and the sandstone cements from the similar stratigraphic position.  C) Comparison of 
the isotopic composition of the host rock to the mudrock and weathered sandstones.  There is no 








DIAGENESIS OF VERTEBRATE SKELETAL REMAINS OF THE CRETACEOUS 
KAIPAROWITS FORMATION AND THEIR USE AS PALEOHYDROLOGIC 
PROXIES: A COMPLEX HYDROLOGIC SETTING 
DAIGO YAMAMURA 1 




The Western Interior Basin of the North America preserves one of the best sedimentary and 
paleontological records of the Cretaceous in the world.  The Kaiparowits Formation is a rapidly 
deposited fluvial sequence and preserves one of the most complete fossil record of the Late 
Cretaceous of North America.  Such a unique deposit provides an opportunity to investigate the 
interaction between physical environment and paleoecology.  As a part of paleoclimatic 
investigation, stable isotope compositions of vertebrate skeletal remains were analyzed.  The 
oxygen isotope compositions of structural (18Oc) and phosphate (
18Op) do not exhibit the 
equilibrium relationship observed in modern mammal bone, suggesting the diagenetic alteration 
to one or both oxygen components.  However, average 18Oc from each taxon show the same 
trend as the 18Op stratigraphic change, suggesting 
18Oc is still useful as a paleoclimatic proxy.  
Previous study indicates influence of the WIS at 300m from the base and 18Op of turtle and 
crocodile are supportive of this trend.  Compared to other Campanian formations, fossil 18Op  
are depleted for their paleolatitude, suggesting the Kaiparowits Plateau had higher input from 
high-elevation runoff, consistent with other paleoclimatic studies.  Estimated 18Ow ranged 
between vadose influenced dry season values of -8.88‰ to high elevation runoff values of -






 The Kaiparowits Formation was deposited in a rapidly subsiding foreland basin with the 
Sevier Orogenic Belt and contains a highly complete fossil record of the Late Cretaceous of 
North America (Titus et al., 2005; Roberts, 2007).  Such a unique setting provides an opportunity 
to investigate the interaction between hydrology and paleoecology.  Thus, paleohydrology of the 
Kaiparowits Formation was investigated using vertebrate fossils. 
 The Late Cretaceous is an important epoch for the evolution of terrestrial ecosystem. 
Important evolutionary events include the appearance of placental mammals (Wible et al., 2009; 
O’Leary et al., 2013), radiation of flowering plants (Sun et al., 2002) and most importantly the 
extinction of dinosaurs at the end of the Cretaceous.  Despite the debate about biodiversity within 
dinosaur toward the end Cretaceous extinction event (i.e. gradual vs. catastrophic extinction; e.g. 
Archibald and Clemens, 1982; Sepkoski, 1997; Keller, 2008), the Western Interior Basin (WIB) 
of the North America preserves one of the most complete sedimentary and diverse fossil record 
of the Cretaceous (Miall et al., 2008; Sampson et al., 2013).  The fossil record of the Campanian 
(83.6-72.1Ma) demonstrates elevated biodiversity and prominent endemism among dinosaur taxa 
(Figure 1; Sampson et al., 2010).  However, there is no consensus for the potential control on 
such paleoecological trends.  For example, Sampson et al. (2013) suggests the latitudinal 
gradient played a role in influencing diversity, Horner et al. (1992) suggests sea-level fluctuation, 
and Schmitt and Varricchio (2010) suggests volcano-tectonic partitioning for physical separation 
of faunas/floras allowing for vicariance.  Hydrologic cycle is intimately related climate, sediment 
transportation and ecology.  Thus, a paleohydrologic investigation using stable isotopes of 
vertebrates that inhabited the Kaiparowits basin in the Late Cretaceous will aid in deciphering 
the relationship between physical environment and paleoecology during this time. 
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 Bone Diagenesis and Stable Isotope Composition 
The stable isotope compositions of vertebrate skeletal remains have been used for 
interpreting diet (e.g. Kohn et al., 2005; Zazzo et al., 2010), thermophysiology of extinct animals 
(e.g. Barrick, 1998; Amiot et al., 2006) and paleoclimate (e.g. Fricke et al., 2010; Suarez et al., 
2012).  However, the physicochemical environment during diagenesis can alter the isotopic 
composition of skeletal remains (e.g. Kohn and Cerling, 2002; Trueman and Tuross, 2002); 
hence the authenticity of the isotopic composition needs to be examined prior to the use of 
paleobiological/paleoclimatic interpretations.   
 Bone diagenesis (or fossilization) comprises the physical and chemical changes to 
vertebrate skeletal remains through time.  Although fossilized bones preserve histological 
characteristics, the chemical composition of bioapatite can be altered via chemical substitution 
and overgrowth of crystallites (e.g. Hubert et al., 1996; Trueman and Tuross, 2002; Wings, 
2004).  Owing to the larger bioapatite crystallites, tooth enamels are more resistant to the 
diagenetic alteration than bones apatites (Kohn and Cerling, 2002).  The investigation of 
diagenetic alteration is particularly important for fossils of Mesozoic-age and older because 
physicochemical alteration of bioapatite is more evident (e.g. crystallite size and incorporation of 
cations from pore-fluid) in older fossils (e.g. Kohn and Cerling, 2002; Trueman and Tuross, 
2002; Piga et al., 2009). 
Although the isotope composition of the skeletal tissues is dependent on the physiology 
of the animal; (e.g. carbon isotope composition reflects the animal’s diet, and oxygen isotope 
composition reflects the body temperature and drinking/living water) the isotopic composition 
can be altered by the surrounding environment once the animal is dead.  Although some mineral 
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alteration and precipitation can be detected using microscopy, chemical alteration can take place 
in sub-microscopic scale.  Thus, interpretation of chemical signals can be challenging. 
 A careful analysis of both the phosphatic and carbonate component of apatite can be used 
to address this challenge and authenticity of fossil vertebrate isotopic compositions. For example, 
Iacumin et al. (1996) demonstrates equilibrium between isotopic composition of structural 
carbonate and phosphate oxygen (18Oc and 
18Op respectively) in mammal bone suggesting the 
two should show a linear ~1:1 relationship.  When this relationship breaks down, it is likely do to 
alteration of one or both O-isotope components (e.g. Barrick and Showers, 1994 and 1995; 
Barrick, 1998). Due to the bond strength with oxygen, O-phosphate is more resistant than O-
carbonate to isotopic exchange with diagenetic fluids, suggesting that the component that is often 
altered is the carbonate C and O-isotope of fossil teeth and bone. This is often the case when 
bone is analyzed because its apatite crystals are non-stoichiometric (Skinner, 2004; Pasteris et 
al., 2008), has much smaller crystal size, and a higher component of organics than enamel 
crystals (Trueman and Tuross, 2002). Thus tooth enamel is the preferred bioapatite to be 
analyzed when investigating biogenic signals and a comparison to co-existing bone as well as 
evaluating the Op-
18Oc relationship are important ways to investigate alternation of biogenic 
isotope signals.  
Global Patterns in Vertebrate Apatite Isotopes 
Amiot et al. (2004) demonstrates the negative correlation between paleolatitude and fossil 
18Op; endothermic dinosaurs have stronger covariance than ectothermic reptiles due to higher 
variability in reptile fossils.  Additionally, Amiot et al. (2006) show a negative correlation 
between the paleolatitude and compositional difference between 18Oc and 
18Op (
18O), which 
resulted from their metabolic difference.  A deviation from these trends suggest either diagenetic 
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alteration to one or both animal phosphate, or a unique paleohydrologic setting such as 
monsoonal conditions or significant orographic effects. Shifts in fossil isotope composition of 
taxa from the Kaiparowits Formation may reveal a unique hydrology during the late Campanian. 
Geologic Setting 
 The Kaiparowits Basin is one of the sedimentary basins within the Western Interior 
Basin, and the Kaiparowits Formation contains the most complete fossil record among the North 
American Cretaceous formations (Titus et al., 2005).  The Kaiparowits Formation was deposited 
between 76.6 and 74.5Ma as a proximal prograding clastic wedge derived from the Sevier 
orogenic belt, thrust sheets in southeastern Nevada and southern California, and the Mogollon 
Slope in southwestern Arizona (Figure 1; Goldstrand, 1992; Roberts, 2007; Roberts et al., 2013).  
The Kaiparowits Formation is an unusually thick (860 m) and rapidly accumulated fluvial 
sedimentary sequence that crops out near the Grand Staircase Escalante National Monument 
(GSENM; Roberts, 2007).  Due to its unusual thickness and a rich fossil record, the Kaiparowits 
Formation has been studied in great detail over last three decades.  Detailed sedimentological 
studies are found in Goldstrand et al. (1993), Lawton et al. (2003) and Roberts (2007) and 
Roberts et al. (2013). 
 Although Titus et al. (2005) states that the Kaiparowits Formation preserves the most 
complete fossil record of the Cretaceous among all the upper Cretaceous formations known to 
date, it has not received much attention until about the last 20 years with the establishment of 
Grand Staircase-Escalante National Monument.  Since then, many new taxa have been reported.  
Significant publications include Zanno and Sampson (2005), Gates et al., (2010) and Sampson et 
al. (2010).  Despite the discovery of many new taxa, the driving force behind the taxonomic 
diversity in the Kaiparowits Fauna is not well-understood.  One possible explanation is that the 
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Kaiparowits fauna experienced different paleoclimatic condition in comparison to other Late 
Cretaceous fauna due to the tectonic setting and proximity to the Cretaceous Western Interior 
Seaway (Tindall et al., 2010).  Alternatively, the taxonomic diversity in the Kaiparowits fossil 
record may be facilitated by high sedimentation rate, which is known to increase the preservation 
potential of skeletal remains (Behrensmeyer, 1982). 
Previous Isotopic Investigations 
 Stable isotope geochemistry was employed to investigate the paleoclimate of the 
Kaiparowits Formation.  Fricke et al. (2009) utilized structural carbonate of gar scale and 
dinosaur teeth. He found that the 13C and 18O of fossil structural carbonate in the Kaiparowits 
Formation are more depleted in comparison to fossil structural carbonate from the coastal plain 
Fruitland Formation.  Foreman et al. (2015) and Hudston (2016) utilized the unioid (bivalve) 
freshwater gastropods (snails) and paleosol, which suggest humid environment and potential 
change in aggradation and hydrology related to the Laramide uplift. 
Experimental Design 
 The scope of interest is to investigate local paleohydrology of the Kaiparowits Formation 
and the change in such a paleohydrology throughout its depositional history.  Although the 
Kaiparowits Formation is informally subdivided into three units (Roberts, 2007), samples were 
divided into four stratigraphic groups; lower (0-110m), lower-middle (110-300m), upper-middle 
(300-530m) and upper (530-860m) groups in order to interpret the change in hydrologic change 
over time.  Considering the time represented by the Kaiparowits Formation and its thickness (2.1 
million years and 860m respectively; Roberts et al., 2013), each group represents several 105 
years of sedimentation, and the paleohydrologic change observed is of a similar scale. 
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 Although physiology of the animal can change throughout growth, taxonomic difference 
is assumed to be a stronger control on the stable isotope composition of the skeletal remains.  
The mean annual temperature (20.2°C) and precipitation rate (1700mm) were adapted from 
Miller et al. (2013), using paleobotanical records.  From such an environment, average relative 
humidity was estimated at 70%. 
MATERIALS AND METHODS 
 Fossil samples were loaned from the Natural History Museum of Utah (UNHM); samples 
include 41 hadrosaur teeth, 27 crocodile teeth, 35 turtle shell fragments and 11 hadrosaur bone 
fragments.  Rock samples were collected from each fossil localities during the fieldwork in 2015 
using GPS coordinate provided by UNHM (see suppl. material).  The Kaiparowits Formation 
preserves three hadrosaur species, three crocodile species and six turtle species (Sampson et al., 
2013).  Further taxonomic distinction is beyond the scope of this study, and we grouped samples 
based on familial affinity (i.e. Hadrosauridae, Crocodylidae and Order: Testudines). 
 Stratigraphic position of each fossil locality was interpreted using the USGS Coal 
Investigation Maps C-58, 60, 66, 90, 95 and 137 (Bowers, 1973a, 1973b, 1973c, 1981, 1983 and 
1991), published stratigraphic data (Roberts 2007; Roberts et al., 2013) and field observation.  
Structural contours from the geologic maps were used for interpreting the depth of the lower 
contact of the Kaiparowits Formation.  The stratigraphic positons were estimated using altitude 
of the locality, depth of the lower contact and dip of the bed.  Such estimates were adjusted by 
comparing to the measured sections on Roberts (2007) and Roberts et al. (2013).  
Petrography 
 Thin-sections were prepared at the University of Arkansas Petrography Laboratory using 
Hillquist Thin-section Machine.  Sections were ground and polished to standard thickness (~30 
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micron) and 1 micron polishing grit.  Petrographic analyses were conducted using Leica 
petrographic microscope (DM 2700P) attached to DFC 290 camera.  Micrographs were captured 
and edited using the Leica Application Suite. 
Stable Isotope Analysis 
 Powdered samples for structural carbonate and phosphate isotope analyses were prepared 
using a dental drill.  1-2mg of powdered sample was sampled from each fossil material using 
0.1mm Brasselar-USA carbide drill bit.  Preservation of the tooth enamel was variable among the 
specimens, and sampling position on the tooth was not uniform.  The structural carbonate 
samples were treated with calcium acetate solution in order to remove diagenetic calcite (Koch et 
al., 1997).  The powdered samples for phosphate analysis were dissolved in 0.1N nitric acid.  
Samples were then re-precipitaed as silver phosphate crystals following Vennemann et al. 
(2002). 
 Structural carbonate isotopic compositions of the powdered samples were analyzed using 
a Gas Bench II coupled to the Delta Plus XP Isotopic Ratio Mass Spectrometer (IRMS) at the 
University of Arkansas Stable Isotope Laboratory (UASIL).  Instrumental stabilities was 
monitored using NBS-19 which produced value of 13C relative to Vienna Pee Dee Belemnite 
(VPDB) = 1.93 ± 0.05‰ 1σ standard deviation and 18O relative to Vienna Standard Mean 
Ocean Water (VSMOW) = 28.65 ± 0.11‰ 1σ standard deviation.  Reported true values of NBS-
19 are; 13C = 1.95‰ VPDB and 18O = 28.65‰ VSMOW.  Two in-house standards are also 
used for calibration; UASIL-22 and UASIL-23.  UASIL-22 returned values of δ13C = -35.60 ± 
0.04‰ VPDB 1σ standard deviation and δ18O = -17.07± 0.17‰ VPDB 1σ standard deviation. 
True values of UASIL-22 are δ13C = -35.60‰ and δ18O = -17.07‰. UASIL-23 returned values 
of δ13C = -0.59 ± 0.09‰ VPDB 1σ standard deviation and δ18O = -14.72 ± 0.12‰ VPDB. True 
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values of UASIL-23 are δ13C = −0.60‰ VPDB and δ18O = -14.71‰ VPDB.  The precision was 
monitored via analysis of phosphate rock (Ca5(PO4)2.5(CO3)0.5F), producing an average value 
of 13C = -6.28 ± 0.12‰ VPDB and 18O of 29.09 ± 0.30‰ VSMOW. 
 The silver phosphate crystals were analyzed using Thermo Scientific TC/EA high 
temperature conversion elemental analyzer coupled to Delta Plus XP IRMS at UASIL.  The 
18Op was calculated using laboratory standards including ANU Sucrose, USGS 34 (KNO3), 
USGS 35 (NaNO3), and Alpha Aesar (Ag3PO4) and is reported in parts per thousand (‰) relative 
to VSMOW.  ANU Sucrose returned values of 18O = 36.37 ± 0.65‰; reported true 18O value 
of the sucrose standard is 36.20 ± 0.10‰.  USGS 34 returned values of 18O = -28.01 ± 0.63‰; 
reported true 18O value of USGS 34 is -27.9 ± 0.3‰.  USGS 35 returned 55.48 ± 0.87‰; 
reported true 18O value of USGS 35 is 21.73 ± 0.87‰.  Alpha Aesar returned 4.98 ± 3.37‰.  
The precision was monitored via analysis of silver phosphate crystals prepared from NIST 120c 
(phosphate rock) using Vennemann et al. (2003) as a quality control standard, producing an 
average value of 21.73 ± 0.87‰. 
 The carbon isotope compositions fossil structural carbonate are referred to as 13Cc, and 
values are reported relative to VPDB.  The oxygen isotope compositions of structural carbonate 
of fossils are referred to as 18Oc.  The oxygen isotope compositions of the fossil phosphate are 
referred to as 18Op.  Both 
18Oc and 
18Op are reported relative to VSMOW; VSMOW is the 
internationally accepted reference for 18O prepared from distilled seawater by the International 
Atomic Energy Agency (IAEA). 





18Ow = 1.41 (
18Op) + 12.11 h - 41.59 (1) 
 
for hadrosaur teeth where h is relative humidity (Suarez et al., 2012).  Estimated humidity used 
for conversion is 70%. 

18Ow = 0.82 (
18Op) - 19.13 (2) 
 
for crocodile teeth (Amiot et al., 2007). 

18Ow = 1.01 (
18Op) - 22.30 (3) 
 
for turtle shell (Coulson et al., 2008). 
Statistical Analyses 
 Microsoft Excel was used for data management and simple data analyses, while majority 
of the statistical analyses were performed using R.  For comparison to other Kaiparowits 
material, unionids (bivalve) and paleosol data were taken from Foreman et al. (2015), and the 
sandstone cement data were taken from the previous chapter (see suppl. material).  The normality 
of the sample distribution was determined using quantile-quantile (QQ) plot (see suppl. 
material).  Boxplots for each isotope ratio (13Cc, 
18Oc and 




18Op) were made to visualize the distribution of isotope values and relationship 
between isotope compositions (i.e. correlations).   
 Two-sample t-tests were used for investigating taxonomic and elemental difference in 
isotope compositions when data were normally distributed.  The Wilcoxon Rank-Sum tests were 
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used as an alternative test when the data were not normally distributed.  Multi-variate analysis of 
variance test (MANOVA) was performed when univariate analysis fail to differentiate fossil 
elements.  The same procedure was used for testing the stratigraphic (upper vs. lower units) 
difference. 
 Phosphate (18Op).- Oxygen isotopic compositions (18O) of coexisting carbonate and 
phosphate in bioapatite have strong correlation (R2 = 0.98) due to the kinetic difference in 
carbonate – metabolic water and phosphate – metabolic water isotopic exchange at the time of 
precipitation of bioapatite (Iacumin et al., 1996).  Thus, isotopic composition of unaltered 
bioapatite should plot on a theoretical line with equation: 
 
18Op = (0.98 * 
18Oc - 7.5) (4) 
 
The intercept was adjusted to -7.5 from the original value of -8.5 because the original study by 
Iacumin et al. (1996) used data generated by the BiPO4 method and using off-line fluorination 
analysis which has been shown to introduce a -1.0‰ bias (Chenery 2010), thus that value must 
be added back into the equation resulting in an intercept of -7.5.  The measured 18Op values 
were compared to the expected value on Iacumin line calculated from 18Oc value to test for the 
potential diagenetic alteration of isotopic composition.  Simple linear regression was also 
performed for 18Oc and 
18Op for each fossil element, and best fit lines are compared to the 
Iacumin line on bivariate plots.  In addition to the graphical comparison, the difference between 
18Oc and 
18Op (
18Oc-p) was calculated for each specimen.  The analysis of variance test was 




 Stratigraphic Change.- Hadrosaur bones were excluded for stratigraphic comparison due 
to the small sample size (n=7) and their likely diagenetic alteration.  Because of the uncertainty 
in stratigraphic interpretation of fossil localities and small sample size at each location, 
stratigraphic units; lower, lower-middle, upper-middle and upper units were used for 
stratigraphic designation of fossils.  The stratigraphic changes in isotopic composition across 
taxa were compared to previous study using unionids and paleosol (Foreman et al., 2015). 
 Isotopic compositions of the carbonate cement in sandstone show significant isotopic 
shift at 300m.  If diagenetic alteration equilibrated with fossils, the isotopic composition of fossil 
structural carbonates would show similar isotopic shift.  Thus, isotopic compositions of 
hadrosaur teeth, crocodile teeth and turtle shells were compared between lower two units (0-
300m; referred to as lower member) and upper two units (300-860m; referred to as upper 
member) in order to focus on the isotopic change at 300m.  Two-sample t-test and Wilcoxon 
Rank-Sum test were used to compare lower and upper groups.   
RESULTS 
Petrography 
 Preserved microstructure of the bones were observed under cross-polarized light (osteon; 
fig. 4D, crisscross fabric, fig. 4F).  Some bones exhibit evidence of alteration (Figure 4A-B).  
The fossil bone and turtle shell were heavily permineralized with carbonate mineral (Figure 4).  
The cements exhibit poikilotopic texture, suggesting the cement was precipitated in the phreatic 
environment.  The isotope composition of permineralizing calcite was not analyzed due to 




 The statistical summary of isotope compositions is presented on the Table 1, and 
distribution of the isotope compositions are presented on the Figure 5; parameters include mean, 
range, standard deviation (SD) and variance (2).  See supplemental material for detailed study 
on the rock cement.  The complete data set is presented in the Appendix (see suppl. material).  
The QQ plots demonstrate that the distribution of isotopic compositions for most of the 
taxa/element are normal with few outliers (see suppl. material), and two-sample t-tests were used 
for statistical comparison.  Oxygen isotope (18Oc and 
18Op) of crocodile teeth are not 
distributed normally; hence, Wilcoxon Rank-Sum tests were used for statistical comparison with 
crocodile 18Oc and 
18Op.  The statistical summary of the difference between 
18Oc and 
18Op 
(18Oc-p) is presented on Table 2; parameters include mean, range, SD, 
2, mean offset between 
measured 18Oc and theoretical 
18Oc. 
 The results from the statistical tests for taxonomic difference are summarized on Table 3.  
Crocodile teeth have highest variability for all three isotope compositions (Figure 5).  There was 
no discernible relationship between isotope compositions and other factors; for example, size, 
hardness and type of the teeth (conical vs. bulbous/globidont); however, the higher variability is 
associated with stratigraphic position (see the discussion). 
 Oxygen Isotope (18Oc and 18Op).- Compared to other isotopic compositions, structural 
carbonate oxygen isotopic composition (18Oc) exhibit low variability (
2 = 0.76 to 2.53) and 
very close mean value (21.12 to 21.93‰) for all taxa.  The taxonomic/elemental difference in 
oxygen isotope composition is not evident, especially for crocodile remains.  Crocodile 18Oc 
exhibit relatively higher variability than other taxa (2 = 2.53); two to three times higher than 
hadrosaur and turtle.  For the structural carbonate (18Oc), there is 1) strong evidence for a 
difference between hadrosaur teeth and turtle shell (two-tailed p-value = 0.0018 from a two-
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sample t-test) and 2) moderate evidence for a difference between hadrosaur teeth and hadrosaur 
bone (two-tailed p-value = 0.017 from a two-sample t-test).  For phosphate (18Op), there is 
strong evidence for a differences between hadrosaur teeth and turtle shell.  Although the mean 
18Op of hadrosaur teeth is 1.25‰ higher than the mean 
18Op of crocodile teeth, statistical 
significance is not strong (p-value = 0.672 from Wilcoxon Rank-Sum test). 
 Carbone Isotope (13C).- Statistically significant differences include: 1) very strong 
evidence for a difference between hadrosaur teeth and crocodile teeth (p-value = 0.0007 from a 
Wilcoxon Rank-Sum test), 2) very strong evidence between hadrosaur teeth and turtle shell (two-
sided p-value is 0.0005 from a two-sample t-test), 3) moderate evidence for a difference between 
hadrosaur teeth and hadrosaur bones (two-sided p-value = 0.090 from a two-sample t-test) and 4) 
moderate evidence for a difference between crocodile teeth and hadrosaur bone (p-value = 0.074 
from a Wilcoxon Rank-Sum test).   
 Hadrosaur: bone and teeth.- The structural carbonate exhibit isotopic difference between 
bones and teeth, whereas there is no evidence for the difference in phosphate (18Op) between 
bones and teeth.  The mean 13C is 1.10‰ greater in teeth than bone (95% confidence interval 
from -0.14 to 2.38‰), and the mean Oc is 0.80‰ greater in teeth than bones (95% confidence 
interval from 0.16 to 1.43‰).  There is no statistically significant difference between hadrosaur 
teeth 18Op and hadrosaur bone 
18Op (two sided p-value =0.454 from a two sample t-test). 
 Structural Carbonate.- The bivariate plot of the 13C and 18Oc indicate that there is no 
correlation between the 13C and 18Oc values for any taxa (Figure 6A).  All fossil elements have 
wide scatter, yet hadrosaur teeth are more enriched in both 13C and 18O relative to the other 
elements (Figure 6A-B).  The mean values on the bivariate plot also clearly show the isotope 
composition difference between the hadrosaur teeth and bones. 
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 Figures 6B-D show the stratigraphic change in isotope composition compared the 
compositional shift in sandstone cement.  All fossils have similar pattern; depletion in 13C and 
enrichment in 18O, yet the magnitude of the shift is not comparable.  Figure 6B shows that 
isotope compositions of hadrosaur teeth are more variable in the upper unit.  Figure 6C shows 
that the oxygen isotope composition of crocodile is highly variable in the lower units. 
 18O Equilibrium.- There are weak correlation between 18Oc and 18Op in crocodile teeth 
and turtle shell (Figure 7; R2 = 0.435 and 0.318 for crocodile teeth and turtle shells respectively).  
Such a correlation was not observed in hadrosaur teeth and bone (Figure 6; R2 = 0.040).  There is 
no evidence for the taxonomic difference among the 18Oc-p (p-value = 0.421 from an ANOVA 
test).   
 Stratigraphic Change.- The comparison of isotope composition between the lower 
member (0-300m) and upper member (300-860m) are summarized on the Table 4.  Although 
there is strong evidence and a large offset in sandstone 13C, none of the fossils show statistically 
significant 13C difference between the lower and upper members.  There is moderate evidence 
of 18O (both carbonate and phosphate) difference between upper and lower members except for 
the hadrosaur 18Op.  Despite the statistical significance of hadrosaur tooth 
18Oc difference 
between lower and upper members, the difference is only 0.62‰ and may not be significant.  
The 18Op difference between lower and upper members is almost twice as large as 
18Oc 
difference between lower and upper members for crocodile and turtle. 
 Stratigraphic change in vertebrate fossil 13C is not obvious (Figure 8).  The trend in 
vertebrate 13C does not coincide with stratigraphic trends in sandstone cement, but it is similar 
to the paleosol 13C from Foreman et al. (2015).  There is little change in hadrosaur tooth 18Op 
with stratigraphic positions; however, it is important to note that variability in hadrosaur tooth 
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18Op is higher in the lower member (σ
2 = 2.23 in the lower member versus 1.13 in the upper 
member).  Crocodile and turtle 18Op show depletion across the lower middle to upper middle 
boundary (at 300m).  The trend is more obvious in crocodile 18Op; however, the crocodile 
18Op 
in the lower middle unit is highly variable (n = 13, range = 5.61 to 16.36‰, SD = 3.39).  The 
crocodile 18Op from other units show fairly consistent 
18Op values (n = 9, range = 13.87 to 
15.42‰, SD = 0.49). 
 Mean 18Ow calculated are -13.76 ± 2.08 ‰ (SMOW) for hadrosaur, -8.88 ± 2.76 ‰ 
(SMOW) for crocodile and -10.14 ± 2.62 ‰ (SMOW) for turtle.  Table 5 summarizes the 
stratigraphic change in 18Ow (calculated from 
18Op), and graphical comparisons within 
vertebrate as well as with data from Foreman et al. (2015) are presented on Figure 8.  
Stratigraphic change in hadrosaur 18Ow is not obvious, whereas crocodile 
18Ow show depletion 
at the lower-middle unit.  Turtle 18Ow show gradual enrichment to the upper-middle unit.  




 Biomaterial Fabric.- Coexisting bone and tooth enamel for hadrosaurs allow us to 
evaluate the integrity of bone isotopic composition.  Although we did not evaluate crocodile 
bone, the isotopic integrity can be evaluated by comparing co-existing hadrosaur bone and tooth 
enamel.  Considering both crocodile and hadrosaur are found in same sandstone beds, the 
diagenetic environment/history for crocodile and hadrosaur material were similar.  Bones are 
more porous than teeth and expected to have more interaction with the pore-fluid.  Bone 
crystallites are 200 x 50 x 50 Å, whereas enamel crystallites are at least an order of magnitude 
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greater in size (Ayliffe et al., 1994).  Comparison of hadrosaurs bone and teeth provide evidence 
for 13C and 18Oc isotopic exchange associated with diagenesis for hadrosaur bones; difference 
between hadrosaur teeth and bones are 1.10‰ for 13C and 0.80‰ for 18Oc respectively.  There 
is no statistical evidence for the 18Op difference between hadrosaur bones and teeth.  These 
results suggest 1) the fabric difference affects the likelihood of diagenetic alteration in structural 
carbonate, and 2) fabric difference does not affect the 18Op alteration.  Thus, 
18Op of bone and 
turtle shell are as reliable as tooth enamel. 
 Oxygen Isotope (18Oc and 18Op) of teeth- If diagenetic alteration is minimal, co-existing 
18Oc and 
18Op in bioapatite should indicate offset associated with carbonate-phosphate 
equilibrium in metabolic water (Iacumin et al., 1996).  Thus, comparison of fossil 18Oc and 
18Op can be used to investigate the integrity of the 
18O in tooth enamel samples.  The 
phosphorous-oxygen (P-O) bond in phosphate ion is stronger than carbon-oxygen (C-O) bond in 
carbonate ion (Kohn and Cerling, 2002); hence 18Op is more resistant to diagenetic alteration 
than 18Oc.   
 Diagenetically altered fossils often show more consistent isotopic composition (Lecuyer 
et al., 2003) than non-diagenetic values. Values typically converge on the value of diagenetic 
fluids. For our data, 18Oc has a much lower variability than 
18Op. The Kaiparowits Formation 
was deposited in the Sevier foreland basin with a wide variety of hydrologic sources such as 
river, pond lake, and even estuarine water (Roberts, 2007).  Animals in such floodplain 
environment may consume water from different sources, and can have a wide range of 18Op as 
well as 18Oc.  Our 
18Op is consistent with such observations; variance ranges from 0.343 
(hadrosaur) to 11.323 (crocodile), whereas 18Oc is less variable; variance ranges from 0.872 
 
95 
(hadrosaur) to 2.525 (crocodile). 18Op is likely indicating biogenic isotopic composition, 
whereas the majority of the 18Oc altered in this study.   
 Barrick and Showers (1994 and 1995) and Barrick (1998) show that a poor correlation in 
dinosaur 18Oc and 
18Op (R
2 = 0.029 to 0.281) suggests alteration to the structural carbonate 
oxygen.  The hadrosaur teeth from this study also show poor correlation between 18Oc and 
18Op 
(R2 = 0.040), suggesting diagenetic alteration in the structural carbonate.  Crocodile and turtle 
show a weak correlation between 18Oc and 
18Op (R
2 = 0.435 for crocodile and 0.318 for turtle).  
Similarity in slope between fitted line (1.397 for crocodile and 0.881 for turtle) and Iacumin line 
(0.98) suggests potential preservation of the 18Oc in some turtle shell and crocodile tooth 
specimens.  Considering the 18Op is unaltered, deviation from the Iacumin line may indicate the 
occurrence/degree of diagentic alteration in 18Oc.  Because there is no statistically significant 
difference in 18Oc-p among taxa/elements, no taxa/element is preferentially altered.  As such, the 
difference between measured 18Oc and the theoretical 
18Oc (calculated from 
18Op) was 
calculated for all specimen.  The result indicate relatively small degree of 18Oc alteration; mean 
value of 0.73 ± 2.54 ‰ (with six statistical outliers).  Yet, 18Oc was not used for 
paleohydrologic interpretation. 
 The 18Op difference between hadrosaur and crocodile teeth (1.25‰) is not statistically 
supported (p-value = 0.672 from a Wilcoxon Rank-Sum test) largely due to the high variability 
in crocodile teeth (variance = 11.32).  Crocodile 18Op is very similar to turtle 
18Op with a 
difference in 18Op of 0.06‰ with p-value = 0.295 from the Wilcoxon Rank-Sum test.  Because 
turtle and crocodile share similar habitat, similarity in 18Op supports the validity of estimated 
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18Op for crocodile.  Therefore, 1.25‰ offset in 
18Op between hadrosaur and crocodile teeth is 
interpreted to be meaningful and the result of different ecological niches. 
 Sampling Effect.- Multiple studies (e.g. Fricke et al., 1998; Kohn et al., 1998; Suarez et 
al., 2015) indicate the inter- and intra-tooth variability in oxygen isotopic composition reflects 
seasonal variability in metabolic water or a variety of water sources.  Although intra-tooth 
variability was not investigated, large variance in 18Op (3.430 for hadrosaur and 11.32 for 
crocodile) suggests the preservation of such a seasonal variability or range if hydrologic sources 
in fossilized teeth from the Kaiparowits Formation.  High variability in tooth may also indicate 
the importance of large sample size for paleoclimatic investigation.   
 Carbon Isotope (13C).- The hadrosaur tooth 13C is distinctively different from other 
fossil material analyzed.  Variability is higher in the 13C than the 18Oc; 
2 are 1.904 to 4.648 
for fossil 13C and 0.760 to 2.525 for fossil 18Oc.  Because the 
13C in structural carbonate is 
less likely to be altered than the 18Oc (Wang and Cerling, 1994), this higher variability may be 
indicative of biogenic signal.  Sandstone cement indicate pore-fluid 13C difference in upper and 
lower members; yet, the difference between upper and lower members of fossil 13C is 
statistically insignificant.  This suggests the 13C of fossils are independent of the diagenetic 
condition such as pore-fluid isotopic composition.   
 The 13C difference between hadrosaur teeth (-6.32‰) and semi-aquatic taxa (-7.84‰ for 
crocodile and -7.70‰ for turtle) indicate dietary difference, while similarity between the 
crocodile and turtle indicate the similar diet/shared habitat.  Compared to previous studies 
(Foreman, et al., 2015; previous chapter), stratigraphic change in vertebrate fossil 13C is most 
comparable to paleosol; yet, hadrosaur 13C shows a depleting trend with stratigraphic location.  
Terrestrial herbivorous animals record the isotopic composition of the vegetation in the skeletal 
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tissue via metabolism.  Because the Kaiparowits Formation is a Cretaceous deposit, C4 plants do 
not affect the 13Cc of enamel (Cerling, 1992); hence 
13C change in herbivorous dinosaur is 
presumably reflects the change in physical environment such as atmospheric pCO2, humidity, 
and mean annual precipitation.  Hemming et al. (1998) demonstrate the negative correlation 
between pCO2 and the 
13C; hence, depletion in hadrosaur 13C may indicate possible increase in 
pCO2 up-section.  However, paleosol data from Foreman et al. (2015) do not show such trend 
(Figure 8A).  Humidity and 13C also show negative correlation (e.g. Schwab et al., 2015); 
hence, depletion in 13C can also be interpreted as increasing humidity up-section.  Such 
interpretation can be compared with the paleobotanical record in future. 
Paleoclimate Interpretation  
 The mean 18Op of dinosaur (13.77 ± 1.85 ‰, SMOW) and crocodile (12.56 ± 2.47 ‰, 
SMOW) from this study are not comparable to the estimated values of 18Op using a latitudinal 
gradient model by Amiot et al. (2004); estimated 18Op for dinosaur and crocodile using 
paleolatitude for the Kaiparowits Formation (48.8°; PBDB) are 15.78‰ and 15.73‰ 
respectively.  The mean hadrosaur 18Op from this study is more similar to the 
18Op from 
Campanian Montana (paleolatitude = ~55°) of Amiot et al. (2004) model.  The Kaiparowits 
crocodile 18Op is more depleted than the estimated 
18Op at 48.8° N paleolatitude.  The 
Kaiparowits crocodile 18Op is also closer to values of ectothermic reptile fossils from Alberta 
(paleolatitude = 58.8° N; Fricke and Rogers, 1996).  This discrepancy can be due to several 
reasons.  First, the majority of the dinosaurs included in Amiot et al. (2004) model are theropod.  
The deviation from the model may be related to physiological differences in hadrosaurs.  For 
example, the dataset in Amiot et al. (2006) show herbivorous dinosaur bones have ~3‰ lower 
18Op compared to the Albertosaurus (large carnivorous dinosaur) tooth 
18Op.  Second, the rise 
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of the Sevier Mountains during Late Campanian has lead others to suggest a significant amount 
of orographic runoff and monsoonal conditions (Sewall and Fricke, 2013).  A similar case is 
reported in other parts of the Western Interior Basin during the Cretaceous (e.g. Barrick et al., 
1999; Suarez et al., 2012). This results in increased Raleigh distillation due to orographic and 
amount effects and a lower 18Op than expected at the paleolatitude of the Kaiparowits fauna. 
 Amiot et al. (2006) developed another model to explain the relationship between 18Op 
and paleolatitude using the modern-day isotopic data from meteoric water 18Ow, and 
18Op of 
(endothermic) mammal and (ectothermic) fish.  The model explains the 18Op offset between 
mammal and fish as a function of latitudinal climate gradient.  The 18Op offset between 
endotherms and ectotherms is primarily a function of meteoric water 18Ow; hence, deviation 
from the model should indicate a unique setting for meteoric water 18Ow.  Amiot et al (2006) 
extended the relationship to the Cretaceous using an extensive collection of vertebrate fossils 
data from the literature.  This model shows the relationship between paleolatitude and 18Op 
difference between (endothermic) dinosaur and (ectothermic) reptiles to investigate the 
latitudinal climatic gradient during the Campanian.  The 18Op difference between dinosaur and 
reptile in this study is 1.25‰ at 48.8° whereas the model of Amiot et al. (2004) indicates a 18O 
less than 1‰.  This deviation may be suggest a unique hydrology for the Kaiparowits Formation 
(Figure 10B). 
 Surface Hydrology.- The mean 18Ow values calculated from 
18Op are -13.76 ± 2.08 ‰ 
for hadrosaur, -8.88 ± 2.76 ‰ for crocodile and -10.14 ± 2.62 ‰ for turtle.  Assuming the 
hadrosaurs are endothermic, the 18Op of hadrosaur skeletal tissue is recording the 
18Ow 
throughout year.  Compared to the unionids data from Foreman et al. (2015), the 18Ow from 
hadrosaur are close to the 18Ow from fluvial unionids (Figure 8B).  In contrast, 
18Ow from turtle 
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and crocodile are similar to pond unionid (Figure 8B).  This suggests that hadrosaurs are 
preferentially drinking water from the stream, and semi-aquatic reptiles are living in a ponded 
body of water on the floodplain.  Such interpretation contradicts with the paleobiological 
interpretation (Hutchson et al., 2013; Irmis et al., 2013), and alternative control on isotopic bias 
should exist. 
 Reptile optimal growth temperature and mineralization of skeletal tissues occur at a 
temperature range of 26 to 36°C with an average of 29 ± 3°C for crocodile (Barrick et al., 1999; 
Pough et al., 2002; Amiot et al., 2007), and 20 to 35°C with an average of 27 ± 4°C for turtle 
(Barrick et al., 1999).  Thus, the 18Op, and 
18Ow estimated from those values, are biased in 
ectothermic reptiles toward a warmer time of year.  The 18Ow values from turtle and crocodile 
are more enriched than the hadrosaur, and this may be due to evaporative enrichment during 
warm seasons. This is consistent with 18Ow from paleosol carbonate calculated by Foreman et 
al. (2015). 
 The 18Ow calculated from vertebrate fossils become more enriched in 
18O up-section 
(18Ow enrichment from the lower-middle to upper-middle unit are 0.80, 2.88 and 1.14‰ for 
hadrosaur, crocodile and turtle respectively).  The isotopic shift is more obvious in reptiles and is 
closer to 18Ow of paleosol from Foreman, et al. (2015), which indicates evaporative enrichment 
compared to the sandstone cement.  In contrast to the vertebrate fossil 18Ow, fluvial unionid 
18Ow from Foreman et al. (2015) show depletion from lower-middle to upper middle-unit.  This 
is related to the change in interaction between river water and groundwater suggesting that base 
level change.  Unionids living in river water are sensitive to hydrologic change, whereas effect 
on terrestrial dinosaur 18Ow is limited. 
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 Use of 18Oc as a Paleoclimatic Proxy.- Although the 18Oc is susceptible to diagenetic 
alteration and may not reflect the physiology of the animal, Kohn and Law (2006) suggest that 
the 18Oc records climatic trend spanning ~100’s of thousand years (kyr) after the death of the 
animal.  As discussed above, the 18Oc values in this study do not seem to match with the 
theoretical equilibrium (Iacumin Line); yet, the overall trend in 18Oc seem to coincide with the 
18Op trend. (Figure 11).  Due to the sample size and potential error in stratigraphic interpretation 
of fossil localities, we did not assign exact stratigrapic position for each specimen.  Instead, the 
fossil specimens were grouped into four stratigraphic units spanning 110 to 330m.  Due to 
differential compaction, exact sedimentary accumulation rate of the Kaiparowits Formation has 
yet to be investigated (Johnson et al., 2016), however based on age data by Roberts et al. (2013), 
time represented by the Kaiparowits Formation range from 2000 to 4500 years/m.  As such, each 
unit averages both 18Oc and 
18Op over 100’s kyr.  The similarity between 
18Oc and 
18Op 
suggests potential use of 18Oc as a paleoclimatic proxy for hydrologic change on a 100’s kyr 
time-scale, and extend the application of results from Kohn and Law (2006) to Mesozoic fossils. 
CONCLUSION 
 The results of this study indicate fabric of skeletal tissues do not seem to affect the 
isotopic integrity of the skeletal phosphate oxygen while structural carbonate in both bones and 
teeth are altered.  However, careful examination of the 18Oc suggests diagenetic offset in 
18Oc 
is relatively small (0.73 ± 2.54 ‰) and may be useful on a 100 kyr time-scale (Figure 11).   
 Vertebrate fossil 18Op from this study do not match well with the latitudinal gradient 
model by Amiot et al. (2004, 2006; Figure 10).  This discrepancy suggests increased high-
elevation runoff and orographic effect associated with the local tectonic setting as well as 
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potential monsoonal conditions. This is consistent with isotopic data collected from other authors 
(Fricke et al., 2009; Sewell and Fricke, 2013; Foreman et al., 2015). 
 The 18Ow calculated from the 
18Op of vertebrate fossils (-8.88 to -13.76‰) shows a 
similar range to the 18Ow calculated from the invertebrate fossil (-9.5 to -13.6‰), paleosol (-
8.1‰; Foreman et al., 2015) and sandstone cement (-9.09 to -12.70‰).  Careful examination of 
18Ow interpreted from skeletal remains and carbonate content in the rock indicate strong bias 
due to seasonal effect in reptiles and paleosols (Figure 12).  Additionally, the drastic change in 
isotopic composition observed in the 18Ow calculated from 
18Oc of sandstone cements is 
absent.  This supports the interpretation of isotopic change relating to the dropping water table. 
In this scenario, the water table drops up-section with increased sedimentation rate, whereas in 
the lower units, the water table is mixed with both upland water, local meteoric water, and 
marine-influenced water. Thus, hadrosaurs and fluvial unionids record water influenced by 
upland precipitation throughout the formation while turtles, crocodiles, pond unionids reflect 
local precipitation that is mixed in the lower units and more biased toward seasonally dry periods 
up-section (Figure 13).  
 In conclusion, stable isotope composition of the vertebrate skeletal remains reveal a 
unique paleohydaulic setting of the Kaiparowits Plateau during Late Campanian.  Orographically 
depleted water suggests upland precipitation was as low as ~ -15‰ whereas dry season local 
precipitation was has heavy as ~ -8‰. In comparison with unionid data from Foreman et al 
(2015), hadrosaurs consumed a significant portion of river water similar to other dinosaurs in the 
Sevier foreland basin (Suarez et al., 2015) and turtles and crocodiles inhabited overbank-pond 
environments and record water that is biased towards local meteoric water that was occasionally 
influenced by dry season evaporative enrichment. To get a more accurate picture of 
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paleohydrology in the WIB, additional analysis of a variety of taxa needs to be compiled. This 
will allow us to estimate of mean annual temperature and mean annual precipitation to determine 
if monsoonal conditions affected the animals of the Kaiparowits basin as has been suggested by 
Sewell and Fricke (2013).  To better understand the Campanian paleoclimate of the North 
America, similar multi-taxa/material investigation can be conducted on other WIB deposits 
distributed latitudinally. 
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Table 1. Summary of the isotopic composition of each element. 
              
 
13C    
18Oc    
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-2.35) 1.752 3.070 21.93 
20.11 
to 
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to 
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to 
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14.44 
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-4.22) 1.366 1.866 20.40 
19.74 
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Table 2. Summary of the 18Oc-p. 
          
















16.76 2.640 6.970 0.96 2.67 
Turtle shell 9.09 
6.83 to 








Table 3. Summary of statistical tests.  
              
 
13C   
18Oc   
18Op   
  offset p-value significance offset p-value significance offset p-value significance 
Hadrosaur teeth 
vs. Crocodile 
teeth 1.56 0.00073 very strong 0.55 0.419 no 1.25 0.672 no 
Hadrosaur teeth 
vs. Turtle shell 1.43 0.0005 very strong 0.80 0.0018 strong 1.81 0.003 strong 
Hadrosaur teeth 
vs. Hadrosaur 
bone 1.10 0.09 moderate 0.80 0.017 moderate 0.54 0.496 no 
Crocodile vs. 
Turtle -0.13 0.223 no 0.25 0.291 no 0.56 0.295 no 
Crocodile teeth 
vs. Hadrosaur 
Bone -0.47 0.07435 moderate 0.80 0.286 no 1.81 0.894 no 
Turtle shell vs. 
Hadrosaur bone -0.33 0.535 no <0.01 0.999 no -1.27 0.208 no 
 




13C   
18Oc   











offset p-value significance 
SS 6.37 <0.001 very strong 3.40 <0.001 very strong       
MR no 0.928 no 1.70 0.082 weak       
Hadrosaur no 0.592 no 0.62 0.040 moderate no 0.799 no 
Crocodile no 0.485 no 1.75 0.012 moderate 3.64 0.017 moderate 
Turtle no 0.127 no 0.96 0.019 moderate 2.02 0.049 moderate 
 
Table 5. Summary of the water isotope composition estimates. 
          
  Hadrosaur  Crocodile   Turtle   
Units   n 
mean 
18Ow SD n 
mean 













300m) 17 -14.23 2.18 13 -10.12 2.78 6 -9.62 0.72 
Lower 
(0-
110m) 5 -13.45 1.93 2 -7.46 0.42 9 -10.48 2.05 






Figure 1.  Campanian paleobiogeography of the two lineages of ceratopsian dinosaurs.  
Highlighted taxa belong to the Kaiparowits Formation.  The Western Interior Seaway (WIS) 
separated the North American continent into two sub-continents; Laramidia and Appalachia 
during the Campanian.  A) Chasmosaurine (large frill on skull) paleobiogeography map of the 
Campanian North America.  Letters assigned are the initials of the formation names: A=Aguja, 
F=Fruitland, K=Kaiparowits, D=Dinosaur Park formations.  Adapted from Sampson et al. 
(2010).  B) Centrosaurine (large nasal horn and short frill) paleobiogeography map of the 
Campanian North America.  Adapted from Rivera-Sylva et al. (2016).  The color (shades) on the 
continental mass on both maps indicate the interpreted depositional environments; green 
represents coastal and alluvial plain and reddish brown represents highlands.  The gradation in 
green represents the temperature range; darker green represents cooler and lighter green 




Figure 2.  Schematic diagram of the bioapatite isotopic composition (A) and sub-microscopic 
alteration (B).  Original bone crystallites are 40x40x10nm.  Adapted from Tuken and Venneman 




Figure 3.  The map and stratigraphic summary of the Kaiparowits Formation.  Modified from 
Roberts (2007).  Informal subdivision (upper, middle and lower units) by Roberts (2007) is based 
on the sandstone : mudrock ratio.  Middle unit was further subdivided to lower-middle and 
upper-middle units in this study based on the change in fluvial style.  The reference sections 
(from Roberts et al., 2013) are listed below the map.  Stratigraphic range of the samples from this 




Figure 4.  Photomicrographs of the fossils showing carbonate permineralization.  A) A fossil 
bone with sign of physical alteration in bone, under plane polarized light (PPL).  The original 
fabric of the bone is disturbed with either recrystallization or cracking with later mineral 
precipitation.  B) A fossil bone with sign of physical alteration, under cross polarized light 
(XPL).  The cracks show different extinction angle in birefringence, emphasizing the physical or 
chemical difference.  C) A cortex bone with permineralizing calcite, under PPL.  D) A cortex 
bone with permineralizing calcite, under XPL.  The bone show preserved orientation in 
bioapatite crystal and microstructure (osteon).  The calcite cement show poikilotopic texture.  E) 
 
113 
A turtle shell with permineralizing calcite, under PPL.  F) A turtle shell with permineralizing 
calcite, under XPL.  The crisscross pattern in fabric is preserved. 
 
 
Figure 5.  Boxplot of isotope compositons.  (A) Boxplot for the carbon isotope composition 
(13C).  Hadrosaur teeth are more enriched in 13C than the other material.  Crocodile and turtle 
have similar distribution.  (B) Boxplot of the oxygen isotope composition of structural carbonate 
(18Oc), showing overlap in distribution.  (C) Boxplot of the oxygen isotope composition of 
fossil bone/tooth phosphate (18Op).  Crocodile have particularly broad range in 
18Op.  (D) 
Boxplot of the difference (18O) between oxygen isotope compositions of structural carbonate 






Figure 6.  Bivariate with mean isotope composition of fossil structural carbonate (A-D) and host 
rock cement (B-D).  The “Upper” group include the upper and upper-middle units (300-860m), 
and “Lower” group include the lower and lower-middle units (0-300m).  The arrows indicate 1σ, 
and crosses at the mean 13C and 18Oc.  (A) All fossil elements have broad scatter.  Mean 
isotope compositions the hadrosaur teeth are more enriched than the other fossil elements.  (B) 
Hadrosaur isotope compositional difference between upper and lower units compared to the 
sandstone cement.  (C) Crocodile isotope compositional difference between upper and lower 
units compared to the sandstone cement.  (D) Turtle isotope compositional difference between 
upper and lower units compared to the sandstone cement.  Although shift in isotope composition 
have similar trend (depletion in 13C and enrichment in 18Oc), magnitude of such change is not 





Figure 7.  Bivariate plots (18Oc vs. 
18Op) compared with the theoretical equilibrium line 
(Iacumin line).  (A) Bivariate plot with all fossils with mean and standard deviation.  Error bars 
indicate 1σ and mean 18Oc and 
18Op.  (B) Bivariate plot for the hadrosaur teeth.  The affinity to 
the Iacumin line is not strong, and correlation between 18Oc and 
18Op is not evident.  (C) 
Bivariate plot for the crocodile teeth.  Despite the scatter, many samples plot close to the Iacumin 
line.  There is weak correlation between 18Oc and 
18Op.  (D) Bivariate plot for turtle shell.  
There is a weak correlation between 18Oc and 





Figure 8.  Stratigraphic change in isotope composition for each taxa compared to other studies.  
The isotope data for sandstone cement is from previous chapter (or Yamamura and Suarez, in 
prep).  Unionid and paleosol data are from Foreman et al. (2015).  (A) The stratigraphic change 
in the 13C.  The vertebrate fossils show slight change in 13C stratigraphically, whereas there is 
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a significant change in sandstone cement.  (B) The stratigraphic change in 18Ow.  Crocodile and 




Figure 9.  Bivariate plots of the fossil 18O and sandstone cement 18O.  A) Comparison between 
the fossil structural carbonate (18Oc) and sandstone cement 
18Oc.  Hadrosaur teeth have strong 
correlation with the sandstone 18Oc, whereas crocodile and turtle have no correlation.  B) 
Comparison between fossil phosphate (18Op) and sandstone cement.  There is no correlation 






Figure 10.  Comparison of dinosaur and reptile 18Op values with the previous studies.  Red dot 
and line represent the mean 18Op (with 1σ) of hadrosaur, and blue dot and line represent the 
18Op (with 1σ) of crocodile.  (A) The Kaiparowits dinosaur and reptile samples deviate from the 
previously interpreted latitudinal gradient of 18Op.  Adapted from Amiot et al. (2004).  (B) 
Latitudinal gradient of the 18Op difference between endothermic dinosaurs and ectothermic 
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reptiles (18Odinosaur-reptile). The Kaiparowits samples deviate from the previously interpreted 




Figure 11.  Comparison of the stratigraphic change in 18Oc and 
18Op; they show similar trend in 
stratigraphic change.  There is a similarity between 18Oc and 














ISOTOPE GEOCHEMISTRY OF KAIPAROWITS FORMAITON AND BEYOND: 
IMPLICATION AND FUTURE RESEARCH 
DAIGO YAMAMURA 




 The discoveries of new fossil taxa from the Kaiparowits Formation have provided new 
insight for paleoecology of the Campanian North America.  In an effort to investigate 
paleoclimate of the Kaiparowits fauna, paleohydrology was investigated using stable isotope 
geochemistry.  To assure the isotopic integrity of the fossil materials, the potential alteration 
during diagenesis was investigated by analyzing sedimentary rocks from the Kaiparowits 
Formation. 
DIAGENESIS 
 The results from chapter 4 demonstrate the oxygen isotope composition of the phosphate 
(18Op) is not diagenetically altered and evaluation of thin sections suggests that isotopic 
integrity of the phosphate component is not controlled by the fabric of skeletal tissue.  The 18Op 
values of the Kaiparowits vertebrate fossils have weak affinity with the latitudinal gradient 
model compiled by Amiot et al. (2004 and 2006).  This suggests the necessity of re-examination 
of the model. Biases in the model’s assumptions include; dynamic tectonics, overall higher 
global temperatures, orographic effects, monsoonal conditions, and an intensified hydrologic 
cycle. 
 Multiple lines of evidence suggest the fossil structural carbonate (18Oc) is diagenetically 
altered; these include deviation from the theoretical equilibrium with the 18Op (Iacumin, 1996), 
a narrow range in values throughout the section due to equilibration with diagenetic fluids, and 
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an absence of taxonomic variation.  Nonetheless, 18Oc offset by diagenetic alteration is 
relatively small; estimated to be 0.73 ± 2.54‰, and the stratigraphic change in 18Oc mimics that 
of 18Op.  This suggests that there is the potential to use of 
18Oc for paleoclimatic investigation 
on long term time scales (~100 kyr) in Mesozoic specimens. 
 Although concretions show unique morphology, concretions from Blues area are 
isotopically indistinguishable from other well-cemented sandstones from similar stratigraphic 
positions.  This suggests formation of concretion took place in the shallow groundwater regime 
instead of the later diagenesis associated groundwater migration. 
PALEOHYDROLOGY 
 The isotopic investigation of sedimentary rocks demonstrated that meteoric water signals 
are preserved in well-cemented sandstone, pond/lake limestone and paleosols.  Isotopic analyses 
of mudrock and loosely cemented sandstone indicate the effect of weathering; hence they are not 
useful for paleoclimatic investigation.  Comparison of these signals suggest decreased mixing 
between river water and shallow groundwater due to base level change near 300m.  Elevated 
13C values at ~ 300 m also suggest that the local hydrology was influenced by sea-level change 
for a short period of time. 
  The meteoric water signals are also preserved in the vertebrate skeletal remains.  The 
oxygen isotope composition of the tooth/turtle shell 18Op is least affected by diagenesis.  Thus, 
oxygen isotope composition of ingested or living water (18Ow) was calculated from 
18Op.  
Comparison to previous studies and sandstone cement suggests that the 18Ow values from 
reptiles are biased toward warmer months, whereas the 18Ow values from endothermic 
hadrosaurs are less biased.  Temperature estimates using the vertebrate fossils and fluvial 
unionids range from 16.4 to 37.7°C.  Potential sources of discrepancy with the mean annual 
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temperature estimate using paleobotany (20.2°C; Miller et al., 2013) include constant humidity 
estimates (at 70%) in hadrosaurs and seasonal biases in reptiles. 
 Combined with the previous studies (Fricke et al., 2009; Foreman et al., 2015; Hudson, 
2016), the Kaiparowits Formation has wide array of the hydrologic sources.  Comparisons of this 
data allowed us to decipher hydrologic change associated with sea-level and tectonic change.  
Similar tectonic and sea-level settings can take place in other parts of the Western Interior Basin; 
hence isotopic investigation methods from this study may reveal dynamic hydrologic settings in 
other deposits. 
FUTURE WORK 
Potential Improvement in the Kaiparowits Formation Study 
 The stratigraphic resolution of the isotopic change can be improved by re-assessing the 
stratigraphy of the each locality.  Careful stratigraphic assessment of fossil localities should 
occur by measuring sections near large concentration of fossil localities.  The samples analyzed 
in this study did not include specimens/localities from the Lower units in the Blues area.  The 
presence/absence of the high 13C and low 18O cement may help deciphering the extent of 
mixing in groundwater influenced by the marine incursion and change in base level. 
 This study only investigated the isotopic composition of concretions from the upper units 
in the Blues area.  The concretions and other well-cemented sandstones in the Blues area do not 
exhibit isotopic differences from each other.  The isotopic composition of the lower sandstone 
and upper sandstone are different.  Investigating the isotopic composition of the concretions from 
lower units would help to decipher the origin of concretion. 
 Concretions are present in other parts of the Kaiparowits Formation as well.  One 
concretion from Death Ridge area has significantly different isotope composition (13C = -
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5.94‰ and 18O = -11.95‰).  Although no inference can be made from one observation, such 
data suggest that st is necessary for isotopic compositions of the concretions.  The direct dating 
on the calcite cement using uranium-series isotopes may potentially help constraining the age of 
calcite.  The Uranium-Thorium (U/Th) dating has been applied for calcite, and age range 
deciphered is from 300,000 to 1 million years (Rasbury and Cole, 2009). 
 Including other taxa in this isotope investigation would provide better understanding of 
the relationship between ecological niches and isotope compositions in the Kaiparowits 
fauna/flora.  For example, carnivorous dinosaurs were not included in this study.  As Kohn et al 
(2005) reports, comparison of the carnivores and herbivores can reveal trophic relationship 
between the two.  Although gar scale carbonate was analyzed in Fricke et al. (2009), the 18Op 
has yet to be analyzed.  The 18Op from gar scale would allow temperature estimations using 
relationships described by Puceat et al. (2010). 
Coastal Plain vs. Alluvial Plain 
 Fricke et al. (2009) compared the isotope compositions of fossil structural carbonate from 
the Kaiparowits Formations to those of the Fruitland Formation from San Juan Basin.  Both gar 
scales (ganoine) and hadrosaur teeth (enamel) show more enriched 13C values (+2.6‰) in the 
Fruitland specimens, whereas the 18Oc values are similar.  The Fruitland Formation is one of the 
formations correlative to the Kaiparowits Formation. The most recent geochronologic work in 
the Kaiparowits demonstrates that the oldest dated used are about 75.5 Ma, which is equivalent 
to the upper part of the middle unit (Roberts et al., 2013).  Because the Fruitland Formation is a 
coastal plain deposit (Fricke et al. 2009), isotopic comparison between the Kaiparowits 
specimens with the Fruitland specimens will reveal the isotopic variation based on habitat 
difference.  In conducting such a study, 18Op analysis will be very important for 
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paleohydrologic interpretation.  Such knowledge will contribute to the internal paleohydrologic 
difference in the Western Interior Basin (WIB). 
Latitudinal Gradient 
 As demonstrated in this study, isotopic composition of the fossils and sandstone cement 
demonstrate local paleohydrology and its interaction with local ecology.  Amiot et al. (2004 and 
2006) demonstrate the latitudinal gradient in vertebrate 18Op during the Late Cretaceous.  
Although there seems to be reasonable correlation, many factors including local paleohydrology 
were discounted; for example paleolatitude and seasonality.  To understand the true relationship 
between the oxygen isotopic gradient and latitude in the Late Cretaceous WIB, other isotopic 
data need to be incorporated.  This includes invertebrate fossils, paleosol and sandstone cements.  
Such a study will help in the understanding of hydrologic controls and Cretaceous paleo-
biogeography.  
Concern 
 On Feburary 8th, 2017, Utah senate approved a call to modify the boundaries of the 
Grand Staircase Escalante National Monument (GSENM; H.C.R. 12).  The decision on this 
proposal may impact the accessibility of the Kaiparowits outcrops of the current GSENM for 
scientific researchers.  The Kaiparowits Formation is scientifically important not only for the 
unique fossil specimens, but also for understanding of the paleoecology of the Late Cretaceous 
of North America.  It is important that we as scientists move the scientific knowledge of the 
GSENM forward and communicate our results to the public to express the importance of the 
valuable paleontological resources.  All the results from scientific investigations have been open 
to public through the Bureau of Land Management, Natural History Museum of Utah, Denver 
Museum of Nature and Science, Raymond M. Alf Museum of Paleontology and many other 
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institutions.  Exhibits and public outreach that demonstrate our findings engaged (and will 
hopefully continue to engage) the public to embrace science on the nation’s public land. 
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Appendix A: Supplemental material for chapter 2 
 




Appendix A.1.  QQ plots showing the distribution of the isotope composition for each rock type. 
 
Appendix A-1. Q-Q plots of the distribution of isotope compositions in each sandstone group. 
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Appendix A.2. Coordinates of the localities 
 
Specimen # UMNH.VP.LOC.# Element Easting Northing 
ref 
section 
UMNH VP 21327 UMNH VP LOC 58 Hadrosaur tooth  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 17015 UMNH VP LOC 974 Hadrosaur tooth  436477 4146376 KFMB 
UMNH VP 17036 UMNH VP LOC 1008 Hadrosaur tooth  434424 4152179 KFR 
UMNH VP 18707 UMNH VP LOC 999 Hadrosaur tooth  437527 4144620 KFMB 
UMNH VP 18718 UMNH VP LOC 1034 Hadrosaur tooth  433014 4150606 KFR 
UMNH VP 22582 UMNH VP LOC 1529 Hadrosaur tooth  431859 4151510 KFR 
UMNH VP 21619 UMNH VP LOC 50 Hadrosaur tooth  
N37 50' 
25"  W112 16' 42"  out 
UMNH VP 21731 UMNH VP LOC 58 Hadrosaur tooth  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 21001 UMNH VP LOC 1105 Hadrosaur tooth  438562 4144511 KFMB 
UMNH VP 20554 UMNH VP LOC 675 Hadrosaur tooth  438292 4143964 KFMB 
UMNH VP 16171 UMNH VP LOC 608 Hadrosaur tooth  436575 4146834 KFMB 
UMNH VP 16254 UMNH VP LOC 750 Hadrosaur tooth  434343 4151855 KFR 
UMNH VP 12552 UMNH VP LOC 340 Hadrosaur tooth  434096 4156778 KDR1 
UMNH VP 16077 UMNH VP LOC 511 Hadrosaur tooth  434293 4154901 KFR 
UMNH VP 16245 UMNH VP LOC 758 Hadrosaur tooth  433934 4158226 KDR1 
UMNH VP 20655 UMNH VP LOC 877 Hadrosaur tooth  436124 4146041 KFMB 
UMNH VP 16720 UMNH VP LOC 897 Hadrosaur tooth  435107 4150401 KFR 
UMNH VP 20585 UMNH VP LOC 1237 Hadrosaur tooth  428241 4158977 KFR 
UMNH VP 21408 UMNH VP LOC 1296 Hadrosaur tooth  missing 4146803 NA 
UMNH VP 20598 UMNH VP LOC 1239 Hadrosaur tooth  435057 4151204 KFR 
UMNH VP 20604 UMNH VP LOC 1241 Hadrosaur tooth  435275 4151059 KFR 
UMNH VP 18654 UMNH VP LOC 1043 Hadrosaur tooth  433011 4150605 KFR 
UMNH VP 18638 UMNH VP LOC 980 Hadrosaur tooth  437463 4145664 KFMB 
UMNH VP 18711 UMNH VP LOC 1059 Hadrosaur tooth  435032 4157896 KDR1 
UMNH VP 21710 UMNH VP LOC 51 Hadrosaur tooth  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 21981 UMNH VP LOC 1514 Hadrosaur tooth  433268 4152183 KFR 
UMNH VP 21721 UMNH VP LOC 54 Hadrosaur tooth  
N37 30' 
58"  W111 43' 57"  KFR 
UMNH VP 21696 UMNH VP LOC 58 Hadrosaur tooth  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 22075 UMNH VP LOC 1288 Hadrosaur tooth  436190 4146487 KFMB 
UMNH VP 11833 UMNH VP LOC 206 Hadrosaur tooth  421380 4168279 KBC 
UMNH VP 12658 UMNH VP LOC 317 Hadrosaur tooth  434920 4152056 KFR 
UMNH VP 12654 UMNH VP LOC 326 Hadrosaur tooth  434359 4157220 KDR1 
UMNH VP 12584 UMNH VP LOC 338 Hadrosaur tooth  434411 4156705 KDR1 
UMNH VP 11834 UMNH VP LOC 201 Hadrosaur tooth  420893 4168763 KBC 
UMNH VP 11845 UMNH VP LOC 243 Hadrosaur tooth  423663 4165009 KBC 
UMNH VP 11831 UMNH VP LOC 199 Hadrosaur tooth  420795 4167315 KBC 
UMNH VP 16107 UMNH VP LOC 476 Hadrosaur tooth  432044 4154469 KFR 
UMNH VP 12527 UMNH VP LOC 283 Hadrosaur tooth  434606 4152681 KFR 
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UMNH VP 11832 UMNH VP LOC 200 Hadrosaur tooth  421206 4168429 KBC 
UMNH VP 9525 UMNH VP LOC 138 Hadrosaur tooth  424075 4164950 KBC 
UMNH VP 16707 UMNH VP LOC 926 Hadrosaur tooth  432357 4150526 KFR 
UMNH VP 12613 UMNH VP LOC 337 Crocodile tooth 434308 4156904 KDR1 
UMNH VP 11820 UMNH VP LOC 200 Crocodile tooth 421206 4168429 KBC 
UMNH VP 12619 UMNH VP LOC 326 Crocodile tooth 434359 4157220 KDR1 
UMNH VP 12633 UMNH VP LOC 187 Crocodile tooth 420541 4168265 KBC 
UMNH VP 11867 UMNH VP LOC 201 Crocodile tooth 420893 4168763 KBC 
UMNH VP 12573 UMNH VP LOC 399 Crocodile tooth 423392 4166124 KBC 
UMNH VP 13917 UMNH VP LOC 440 Crocodile tooth 435013 4153130 KFR 
UMNH VP 11874 UMNH VP LOC 195 Crocodile tooth 420834 4167597 KBC 
UMNH VP 16145 UMNH VP LOC 596 Crocodile tooth 423872 4165325 KBC 
UMNH VP 19449 UMNH VP LOC 1093 Crocodile tooth 438907 4142224 KFMB 
UMNH VP 12705 UMNH VP LOC 145 Crocodile tooth 424096 4164645 KBC 
UMNH VP 19677 UMNH VP LOC 1106 Crocodile tooth 438671 4144416 KFMB 
UMNH VP 16168 UMNH VP LOC 608 Crocodile tooth 436575 4146834 KFMB 
UMNH VP 20622 UMNH VP LOC 1264 Crocodile tooth 445319 4158465 out 
UMNH VP 18558 UMNH VP LOC 1237 Crocodile tooth 428241 4158977 KFR 
UMNH VP 20896 UMNH VP LOC 1439 Crocodile tooth 438465 4143590 KFMB 
UMNH VP 19396 UMNH VP LOC 1092 Crocodile tooth 452489 4133358 KFMB 
UMNH VP 16947 UMNH VP LOC 878 Crocodile tooth 434222 4148423 KFMB 
UMNH VP 20588 UMNH VP LOC 1237 Crocodile tooth 428241 4158977 KFR 
UMNH VP 18685 UMNH VP LOC 944 Crocodile tooth 438537 4143625 KFMB 
UMNH VP 8071 UMNH VP LOC 110 Crocodile tooth 
N37 27' 
47"  W112 18' 16"  
UMNH VP 18635 UMNH VP LOC 980 Crocodile tooth 437463 4145664 KFMB 
UMNH VP 17028 UMNH VP LOC 1008 Crocodile tooth 434424 4152179 KFR 
UMNH VP 18720 UMNH VP LOC 1034 Crocodile tooth 433014 4150606 KFR 
UMNH VP 18706 UMNH VP LOC 799 Crocodile tooth 392417 4153102 out 
UMNH VP 18732 UMNH VP LOC 967 Crocodile tooth 438498 4143397 KFMB 
UMNH VP 20659 UMNH VP LOC 886 Crocodile tooth 436250 4146191 KFMB 
UMNH VP 16726 UMNH VP LOC 885 
Turtle shell 
fragment 435978 4146053 KFMB 
UMNH VP 16727 UMNH VP LOC 889 
Turtle shell 
fragment 435978 4146053 KFMB 
UMNH VP 16980 UMNH VP LOC 1020 
Turtle shell 
fragment 435422 4151063 KFR 
UMNH VP 20942 HSR-06-33 
Turtle shell 
fragment 437186 4140819 KFMB 
UMNH VP 16729 UMNH VP LOC 930 
Turtle shell 
fragment 434089 4148259 KFMB 
UMNH VP 12568 UMNH VP LOC 338 
Turtle shell 
fragment 434411 4156705 KDR1 
UMNH VP 12496 UMNH VP LOC 186 
Turtle shell 
fragment 421668 4168614 KBC 
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UMNH VP 16126 UMNH VP LOC 655 
Turtle shell 
fragment 423875 4164743 KBC 
UMNH VP 13946 UMNH VP LOC 300 
Turtle shell 
fragment 434705 4152437 KFR 
UMNH VP 12674 UMNH VP LOC 345 
Turtle shell 
fragment 434712 4155036 KDR1 
UMNH VP 13907 UMNH VP LOC 504 
Turtle shell 
fragment 434919 4154539 KFR 
UMNH VP 16248 UMNH VP LOC 698 
Turtle shell 
fragment 435113 4143066 KFMB 
UMNH VP 13906 UMNH VP LOC 179 
Turtle shell 
fragment 420612 4167446 KBC 
UMNH VP 16157 UMNH VP LOC 577 
Turtle shell 
fragment 415096 4161996 out 
UMNH VP 12645 UMNH VP LOC 330 
Turtle shell 
fragment 434076 4157038 KDR1 
UMNH VP 13968 UMNH VP LOC 466 
Turtle shell 
fragment 431615 4154881 KFR 
UMNH VP 16046 UMNH VP LOC 479 
Turtle shell 
fragment 431678 4155281 KDR1 
UMNH VP 13966 UMNH VP LOC 467 
Turtle shell 
fragment 432641 4154958 KFR 
UMNH VP 13908 UMNH VP LOC 484 
Turtle shell 
fragment 432102 4154561 KFR 
UMNH VP 16049 UMNH VP LOC 480 
Turtle shell 
fragment 432040 4154467 KFR 
UMNH VP 16199 UMNH VP LOC 740 
Turtle shell 
fragment 424423 4164837 KBC 
UMNH VP 16279 UMNH VP LOC 728 
Turtle shell 
fragment 438577 4143962 KFMB 
UMNH VP 16074 UMNH VP LOC 483 
Turtle shell 
fragment 431971 4155611 KDR1 
UMNH VP 16062 UMNH VP LOC 496 
Turtle shell 
fragment 431871 4154891 KFR 




'02"  W111 23' 31" out 
UMNH VP 12598 UMNH VP LOC 343 
Turtle shell 
fragment 423629 4166949 KBC 
UMNH VP 16386 UMNH VP LOC 744 
Turtle shell 
fragment 434672 4154858 KFR 
UMNH VP 22851 UMNH VP LOC 1627 
Turtle shell 
fragment 430434 4145189 KFMB 
UMNH VP 20825 UMNH VP LOC 1332 
Turtle shell 
fragment 439542 4143551 KFMB 
UMNH VP 21550 UMNH VP LOC 1320 
Turtle shell 
fragment 422622 4166738 KBC 
UMNH VP 20860 UMNH VP LOC 1331 
Turtle shell 
fragment 437777 4145653 KFMB 
UMNH VP 20999 UMNH VP LOC 368 
Turtle shell 
fragment 436538 4157053 KDR1 
UMNH VP 16233 UMNH VP LOC 622 bone 424398 4165723 KBC 
UMNH VP 12680 UMNH VP LOC 348 bone 434794 4155228 KDR1 
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UMNH VP 20934 UMNH VP LOC 1330 bone 433059 4146811 KFMB 
UMNH VP 20934 UMNH VP LOC 1330 bone 433059 4146811 KFMB 
UMNH VP 16392 UMNH VP LOC 699 bone 435321 4143138 KFMB 
UMNH VP 23135 UMNH VP LOC1621 bone 426544 4140726 KFMB 
UMNH VP 12265 UMNH VP LOC 219 bone 423264 4166930 KBC 






Appendix A.3. Isotope data 
 
Appendix – isotope data 
Locality Lithology subgroup dCc dOc dOc(PDB) carb ref.section 
UMNH VP LOC 338 LS  -5.67 19.74 -10.79 62% KBW 
UMNH VP LOC 337 LS  -7.4 20.38 -10.17 62% KBW 
UMNH VP LOC 338 LS  -5.18 20.06 -10.48 75% KDR1 
UMNH VP LOC 348 LS  -4.96 20.45 -10.1 61% KDR1 
UMNH VP LOC 878 LS  -5.18 20.06 -10.48 75% KDR1 
750LS LS  -8.14 20.67 -9.88 63% KDR2 
496LS LS  -6.94 21.37 -9.21 78% KHM 
1529LS LS  -6.77 20.04 -10.5 71% KFR 
1239LS LS  -7.69 19.94 -10.59 77% KBW-KFR 
476/480LS LS  -4.22 20.96 -9.6 72% KFR 
UMNH VP LOC 138 MR  -0.77 25.13 -5.56 26% KBC 
UMNH VP LOC 1320 MR  -0.73 23.3 -7.33 22% KBJ 
UMNH VP LOC 199 MR  -0.93 23.03 -7.6 18% KBT 
UMNH VP LOC 1627 MR  -2.44 21.17 -9.4 27% KBT 
UMNH VP LOC 338 MR  -2.25 21.32 -9.25 31% KBT 
UMNH VP LOC 511 MR  -0.45 25.19 -5.5 12% KBW 
UMNH VP LOC 345 MR  -0.01 20.04 -10.5 16% KHM 
UMNH VP LOC 744 MR  -1.06 21.64 -8.94  KHM 
UMNH VP LOC 878 MR  -0.72 22.31 -8.29  KHM 
UMNH VP LOC 980 MR MR  -0.44 24.28 -6.38 11% KHM 
UMNH VP LOC 980 MR2 MR  -0.54 22.83 -7.79 24% KHM 
UMNH VP LOC 1288 MR  -0.85 25.29 -5.4 18% KHM 
UMNH VP LOC 885 MR  -0.42 22.46 -8.15 29% KHM 
UMNH VP LOC 1105 MR  -1.35 21 -9.56 27% KHM 
UMNH VP LOC 1106 MR  -4.92 21.82 -8.77 51% KHM 
UMNH VP LOC 1106 (B) MR  -1.44 19.87 -10.66 24% KFR 
UMNH VP LOC 728 MR  -2.28 21.15 -9.42 27% KFR 
UMNH VP LOC 699 MR  -0.59 21.75 -8.84 21% KFR 
187MR MR  -1.95 22.66 -7.95 27% KFR 
1529MR MR  -0.97 22.74 -7.88  KHM 
1239MR MR  -1.48 18.13 -12.35 30% KHM 
1514MR MR  -0.77 22.24 -8.36 21% KHM 
1020MR MR  -1.69 20.48 -10.07 44% KHM 
UMNH VP LOC 179 MR  -1.3 17.18 -13.27 43% KFR 
UMNH VP LOC 980 silt MR  -0.78 22.2 -8.4 21% KFMB 
UMNH VP LOC 944 MR  -0.65 21.29 -9.28 17% KDR1 
UMNH VP LOC 1093 silt MR  -0.18 22.45 -8.16 17% KDR2 
UMNH VP LOC 1332 MR  -0.78 23.37 -7.27 41% KDR2 
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UMNH VP LOC 698 MR  -4.19 21.52 -9.06 40% KDR2 
926silt MR  -0.62 22.97 -7.65 29% KFMB 
466MR MR  -2.72 15.48 -14.92 44% KFMB 
UMNH VP LOC 930 SS SS1 -4.58 16.48 -13.95 39% KHM 
UMNH VP LOC 930 SS SS SS1 -5.94 16.21 -14.21 38% KHM 
UMNH VP LOC 1330 SS SS1 -2.21 16.14 -14.28 38% KHM 
UMNH VP LOC 999 SS SS1 -2.92 15.87 -14.54 36% KHM 
UMNH VP LOC 967 SS SS1 -3.9 17.76 -12.71 39% KHM 
UMNH VP LOC 728 SS SS1 -3.09 18.24 -12.24 40% KHM 
UMNH VP LOC 1093 SS2 SS SS1 -3.38 18.24 -12.24 41% KHM 
1529SS SS SS1 -3.75 15.74 -14.67 41% KFR 
283SS SS SS1 -2.65 16 -14.42 44% KFR 
300SS SS SS1 -2.06 17.03 -13.42 36% KFR 
1514SS SS SS1 -5.61 16.65 -13.78 45% KFR 
750SS SS SS1 -4.83 16.5 -13.93 32% KFR 
1239Conc SS SS1 -1.97 16.61 -13.82 50% KFR 
1020SS SS SS1 -2.23 17.28 -13.17 47% KFR 
UMNH VP LOC 1627 SS SS1 -3.57 15.31 -15.08 37% KFMB 
UMNH VP LOC 338 SS SS1 -0.27 18.56 -11.93 51% KDR1 
UMNH VP LOC 337 SS SS1 -1.85 17.81 -12.66 44% KDR1 
UMNH VP LOC 338 SS SS1 -0.27 18.56 -11.93 51% KDR1 
UMNH VP LOC 330 SS SS1 -3.18 16.45 -13.98 38% KDR1 
UMNH VP LOC 511 SS SS1 -2.98 17.37 -13.09 39% KDR2 
UMNH VP LOC 744 SS SS1 -0.59 18.46 -12.03 44% KDR2 
UMNH VP LOC 348 SS SS1 -2.22 15.48 -14.92 42% KDR2 
HSR-06-33 SS SS1 -3.3 15.95 -14.46 43% KFMB 
UMNH VP LOC 699 SS SS1 -4.71 16.6 -13.83 45% KFMB 
UMNH VP LOC 219 SS SS1 -4.77 14.44 -15.93 39% KBJ 
483SS(H) SS SS1 -5.05 15.91 -14.5 38% KBW 
UMNH VP LOC 1439 SS SS2 -9.52 18.65 -11.84 18% KHM 
UMNH VP LOC 596 SS SS2 -11.3 19.75 -10.78 50% KBC 
UMNH VP LOC 596 SS SS2 -10.31 19.7 -10.83 49% KBC 
UMNH VP LOC 655 SS SS2 -8.59 20.18 -10.36 52% KBC 
UMNH VP LOC 343 SS SS2 -8.43 20.93 -9.63 40% KBJ 
466SS SS SS2 -10.06 19.32 -11.19 42% KBW 
496SS SS SS2 -11.14 21.09 -9.48 42% KBW 
476/480SS SS SS2 -10.77 19.26 -11.25 44% KBW 
479SS SS SS2 -9.09 20.36 -10.19 50% KBW 
UMNH VP LOC 206 SS SS2 -7.18 21.17 -9.4 49% KBT 
UMNH VP LOC 200 SS SS2 -9.92 20.99 -9.57 50% KBT 
187SS SS SS2 -7.87 20.47 -10.08 50% KBT 
483SS(L) SS SS3 -0.92 22.38 -8.23 9% KBW 
201SS SS SS3 -1.21 23.18 -7.45 9% KBT 
 
136 
484SS SS SS3 -0.73 21.58 -9 11% KBW 
466SS(Loose) SS SS3 -1.47 20.92 -9.64 15% KBW 
UMNH VP LOC 740 SS SS3 -0.96 22.5 -8.11 16% KBC 
UMNH VP LOC 1093 BS SS SS3 -1.95 21.69 -8.9 19% KHM 
UMNH VP LOC 1093 SS SS3 -0.71 22.47 -8.14 24% KHM 
UMNH VP LOC 440 SS SS3 -0.88 21.95 -8.64 26% KFR 
UMNH VP LOC1621 SS SS3 -5.18 20.29 -10.25 43% KFMB 
UMNH VP LOC 345 SS SS3 -3.02 22.14 -8.46 46% KDR2 
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C.2 Isotope data 
Specimen Element 13C 18Oc(SMOW) 18Oc(PDB) 18Op(SMOW) 18Ow(SMOW) 18O group 
UMNH VP 16233 bone -8.12 21.31 -9.26 19.04 -6.27 2.27 UM 
UMNH VP 12265 bone -8.2 21.19 -9.38 12.63 -15.30 8.56 UM 
UMNH VP 12265 bone -7.7 21.57 -9.01 12.05 -16.12 9.52 UM 
UMNH VP 12265 bone -7.96 20.96 -9.60 12.32 -15.74 8.64 UM 
UMNH VP 20934 bone -7.62 22.7 -7.92 12.9 -14.92 9.8 LM 
UMNH VP 23135 bone -7.18 19.8 -10.73 14.2 -13.09 5.6 L 
UMNH VP 18568 bone -7.63 21.41 -9.17 12.97 -14.83 8.44 L 
UMNH VP 12680 bone -3.57 19.91 -10.62 10.95 -17.67 8.96 L 
UMNH VP 16392 bone -8.35 21.21 -9.36 10.98 -17.63 10.23 L 
UMNH VP 11874 Crocodile -8.8 23.2 -7.43 15.42 -6.49 7.78 U 
UMNH VP 11820 Crocodile -8.92 21.96 -8.63 15.27 -6.61 6.69 U 
UMNH VP 12633 Crocodile -7.97 21.9 -8.69 14.81 -6.99 7.09 U 
UMNH VP 11867 Crocodile -8.14 22.91 -7.71 14.84 -6.96 8.07 U 
UMNH VP 16145 Crocodile 
-
11.03 22.92 -7.70 14.64 -7.13 8.28 UM 
UMNH VP 12573 Crocodile -7.31 23.22 -7.41 14.15 -7.53 9.07 UM 
UMNH VP 18720 Crocodile -6.12 21.81 -8.78 14.7 -7.08 7.11 UM 
UMNH VP 16947 Crocodile -7.97 23 -7.62 16.76 -5.39 6.24 LM 
UMNH VP 16168 Crocodile -8.29 20.46 -10.09 15.08 -6.76 5.38 LM 
UMNH VP 20659 Crocodile -9.77 17.35 -13.11 8.21 -12.40 9.14 LM 
UMNH VP 18635 Crocodile -3.27 19.65 -10.87 11.3 -9.86 8.35 LM 
UMNH VP 19677 Crocodile -8.46 21.82 -8.77 14.77 -7.02 7.05 LM 
UMNH VP 20896 Crocodile -9.23 21.28 -9.29 11.93 -9.35 9.35 LM 
UMNH VP 18685 Crocodile -6.51 22.83 -7.79 8.27 -12.35 14.56 LM 
UMNH VP 18732 Crocodile -2.15 18.74 -11.76 9.49 -11.35 9.25 LM 
UMNH VP 19449 Crocodile -8.91 20.08 -10.46 7.57 -12.92 12.51 LM 
UMNH VP 18558 Crocodile -4.5 22.55 -8.06 16.36 -5.71 6.19 LM 
UMNH VP 20588 Crocodile -9.42 19.94 -10.59 8.76 -11.95 11.18 LM 
UMNH VP 13917 Crocodile -9.89 19.8 -10.73 8.67 -12.02 11.13 LM 
UMNH VP 17028 Crocodile -8.51 20.78 -9.78 5.61 -14.53 15.17 LM 
UMNH VP 12613 Crocodile -8.59 22.27 -8.33 13.87 -7.76 8.4 L 
UMNH VP 12619 Crocodile -8.67 21.68 -8.91 14.59 -7.17 7.09 L 
UMNH VP 11831 Hadrosaur -7.54 21.22 -9.35 13.86 -13.57 7.36 U 
UMNH VP 11833 Hadrosaur -8.92 23.79 -6.86 13.83 -13.61 9.96 U 
UMNH VP 11834 Hadrosaur -2.72 21.58 -9.00 6.49 -23.96 15.09 U 
UMNH VP 11832 Hadrosaur -9.88 23.96 -6.69 14.2 -13.09 9.76 U 
UMNH VP 11845 Hadrosaur -3.47 22.37 -8.24 13.01 -14.77 9.36 UM 
UMNH VP 9525 Hadrosaur -9.25 21.98 -8.61 14.35 -12.88 7.63 UM 
UMNH VP 18718 Hadrosaur -6.18 21.93 -8.66 16.4 -9.99 5.53 UM 
UMNH VP 22582 Hadrosaur -5.12 23.05 -7.58 14.54 -12.61 8.51 UM 
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UMNH VP 18654 Hadrosaur -6.19 21.06 -9.51 13.44 -14.16 7.62 UM 
UMNH VP 21981 Hadrosaur -4.23 22.24 -8.36 13 -14.78 9.24 UM 
UMNH VP 16707 Hadrosaur -6.58 21.44 -9.14 15.34   UM 
UMNH VP 16107 Hadrosaur -7.92 23.38 -7.26 15.43 -11.36 7.95 UM 
UMNH VP 20585 Hadrosaur -6.28 20.79 -9.77    LM 
UMNH VP 21327 Hadrosaur -6.4 22.26 -8.34 13.7 -13.80 8.56 LM 
UMNH VP 17036 Hadrosaur -7.46 21.33 -9.24 15.19 -11.70 6.14 LM 
UMNH VP 21731 Hadrosaur -2.35 21.05 -9.52 12.43 -15.59 8.62 LM 
UMNH VP 16254 Hadrosaur -7.82 20.51 -10.04 14.09 -13.25 6.42 LM 
UMNH VP 21710 Hadrosaur -5.66 22.27 -8.33 10.65 -18.10 11.62 LM 
UMNH VP 21721 Hadrosaur -6.76 22.2 -8.40 11.2 -17.32 11 LM 
UMNH VP 21696 Hadrosaur -6.47 22.86 -7.76 14.69 -12.40 8.17 LM 
UMNH VP 12658 Hadrosaur -7.59 21.74 -8.85 15.75 -10.91 5.99 LM 
UMNH VP 12527 Hadrosaur -7.56 22.44 -8.17 14.96 -12.02 7.48 LM 
UMNH VP 16720 Hadrosaur -6.97 21.74 -8.85 13.35 -14.29 8.39 LM 
UMNH VP 20598 Hadrosaur -6.78 22.04 -8.56 14.33 -12.91 7.71 LM 
UMNH VP 18638 Hadrosaur -6.61 21.37 -9.21 12.74 -15.15 8.63 LM 
UMNH VP 17015 Hadrosaur -6 21.67 -8.91 10.88 -17.77 10.79 LM 
UMNH VP 16171 Hadrosaur -4.79 20.11 -10.43 12.91 -14.91 7.2 LM 
UMNH VP 20655 Hadrosaur -7.53 21.48 -9.10 14.6 -12.53 6.88 LM 
UMNH VP 22075 Hadrosaur -5.85 21.53 -9.05 13.87 -13.56 7.66 LM 
UMNH VP 20554 Hadrosaur -7.01 20.45 -10.10 11.54 -16.84 8.91 LM 
UMNH VP 18707 Hadrosaur -7.46 21.76 -8.83 14.23 -13.05 7.53 LM 
UMNH VP 12552 Hadrosaur -7.44 22.46 -8.15 15.49 -11.27 6.97 L 
UMNH VP 12654 Hadrosaur -5.55 22.76 -7.86 12.98 -14.81 9.78 L 
UMNH VP 12584 Hadrosaur -6.03 22.68 -7.94 12.14 -16.00 10.54 L 
UMNH VP 16077 Hadrosaur -2.71 21.97 -8.62 14.82 -12.22 7.15 L 
UMNH VP 16245 Hadrosaur -4.4 22.02 -8.58 14.3 -12.95 7.72 L 
UMNH VP 13906 Turtle -8.36 20.48 -10.07 12.43 -9.75  U 
UMNH VP 12496 Turtle -5.67 19.79 -10.74 11.3 -10.89 8.49 U 
UMNH VP 16126 Turtle -7.73 21.87 -8.72 12.61   UM 
UMNH VP 16199 Turtle -8.25 20.61 -9.94 11.88 -10.30 8.73 UM 
UMNH VP 12598 Turtle -9.04 22.08 -8.52 13.26 -8.91 8.82 UM 
UMNH VP 21550 Turtle -7.78 21.09 -9.48 7.77 -14.45 13.32 UM 
UMNH VP 21550 Turtle -7.46 20.8 -9.76 13.12 -9.05 7.68 UM 
UMNH VP 13968 Turtle -9.01 21.33 -9.24 13.89 -8.27 7.44 UM 
UMNH VP 16046 Turtle -10.1 21.71 -8.88 14.9 -7.25 6.81 UM 
UMNH VP 13966 Turtle -8.86 24.11 -6.55 13.21 -8.96  UM 
UMNH VP 13908 Turtle -10.2 21.94 -8.65 14.95 -7.20 6.99 UM 
UMNH VP 16049 Turtle -3.93 22.45 -8.16 15.62 -6.52 6.83 UM 
UMNH VP 16074 Turtle -8.01 22.63 -7.98 14.55 -7.60 8.08 UM 
UMNH VP 16062 Turtle -9.28 22.1 -8.50 11.48 -10.71 10.62 UM 
UMNH VP 13946 Turtle -7.48 21.31 -9.26 11.84 -10.34  LM 
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UMNH VP 16980 Turtle -7.82 19.74 -10.79 3.78 -18.48 15.96 LM 
UMNH VP 16729 Turtle -8.13 20.56 -9.99 11.93 -10.25 8.63 LM 
UMNH VP 16726 Turtle -8.51 20.92 -9.64 12.85 -9.32 8.07 LM 
UMNH VP 16727 Turtle -6.37 22.42 -8.19 13.51 -8.65 8.91 LM 
UMNH VP 20860 Turtle -5.5 21.31 -9.26 12 -10.18 9.31 LM 
UMNH VP 16279 Turtle -6.94 21.21 -9.36 13.17 -9.00 8.04 LM 
UMNH VP 20825 Turtle -7.39 18.97 -11.53 8.16 -14.06 10.81 LM 
UMNH VP 22851 Turtle -6.92 19.19 -11.32 10.1 -12.10 9.09 L 
UMNH VP 20999 Turtle -5.31 20.64 -9.91 10.51 -11.68 10.13 L 
UMNH VP 12568 Turtle -8.53 22.03 -8.57 9.8 -12.40 12.23 L 
UMNH VP 12645 Turtle -7.86 19.8 -10.73 11.82 -10.36 7.98 L 
UMNH VP 12674 Turtle -8.15 19.71 -10.82 12.66 -9.51 7.05 L 
UMNH VP 13907 Turtle -7.58 20.81 -9.75 11.29 -10.90 9.52 L 
UMNH VP 16386 Turtle -8.69 22.35 -8.26 15.66 -6.48  L 
UMNH VP 20942 Turtle -6.25 19.72 -10.81 11.79 -10.39 7.93 L 
UMNH VP 16248 Turtle -7.63 20.97 -9.59 14.92     L 
 
C.3 Coordinates 
Specimen # UMNH.VP.LOC.# Element Datum 
UTM 
Zone Easting Northing 
ref 
section 
UMNH VP 21327 
UMNH VP LOC 
58 Hadrosaur tooth   N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 17015 
UMNH VP LOC 
974 
Hadrosaur 
tooth  NAD 83 12 S 436477 4146376 KFMB 
UMNH VP 17036 
UMNH VP LOC 
1008 
Hadrosaur 
tooth  NAD 83 12 S 434424 4152179 KFR 
UMNH VP 18707 
UMNH VP LOC 
999 
Hadrosaur 
tooth  NAD 83 12 S 437527 4144620 KFMB 
UMNH VP 18718 
UMNH VP LOC 
1034 
Hadrosaur 
tooth  NAD 83 12 S 433014 4150606 KFR 
UMNH VP 22582 
UMNH VP LOC 
1529 
Hadrosaur 
tooth  NAD 83 12 S 431859 4151510 KFR 
UMNH VP 21619 
UMNH VP LOC 
50 Hadrosaur tooth    
N37 50' 
25"  W112 16' 42"    
UMNH VP 21731 
UMNH VP LOC 
58 Hadrosaur tooth   N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 21001 
UMNH VP LOC 
1105 
Hadrosaur 
tooth  NAD 83 12 S 438562 4144511 KFMB 
UMNH VP 20554 
UMNH VP LOC 
675 
Hadrosaur 
tooth  NAD 83 12 S 438292 4143964 KFMB 
UMNH VP 16171 
UMNH VP LOC 
608 
Hadrosaur 
tooth  NAD 83 12 S 436575 4146834 KFMB 
UMNH VP 16254 
UMNH VP LOC 
750 
Hadrosaur 
tooth  NAD 83 12 S 434343 4151855 KFR 
UMNH VP 12552 
UMNH VP LOC 
340 
Hadrosaur 
tooth  NAD 83 12 S 434096 4156778 KDR1 
UMNH VP 16077 
UMNH VP LOC 
511 
Hadrosaur 
tooth  NAD 83 12 S 434293 4154901 KFR 
UMNH VP 16245 
UMNH VP LOC 
758 
Hadrosaur 
tooth  NAD 83 12 S 433934 4158226 KDR1 
 
143 
UMNH VP 20655 
UMNH VP LOC 
877 
Hadrosaur 
tooth  NAD 83 12 S 436124 4146041 KFMB 
UMNH VP 16720 
UMNH VP LOC 
897 
Hadrosaur 
tooth  NAD 83 12 S 435107 4150401 KFR 
UMNH VP 20585 
UMNH VP LOC 
1237 
Hadrosaur 
tooth  NAD 83 12 S 428241 4158977 KFR 
UMNH VP 21408 
UMNH VP LOC 
1296 
Hadrosaur 
tooth  NAD 83 12 S  4146803 NA 
UMNH VP 20598 
UMNH VP LOC 
1239 
Hadrosaur 
tooth  NAD 83 12 S 435057 4151204 KFR 
UMNH VP 20604 
UMNH VP LOC 
1241 
Hadrosaur 
tooth  NAD 83 12 S 435275 4151059 KFR 
UMNH VP 18654 
UMNH VP LOC 
1043 
Hadrosaur 
tooth  NAD 83 12 S 433011 4150605 KFR 
UMNH VP 18638 
UMNH VP LOC 
980 
Hadrosaur 
tooth  NAD 83 12 S 437463 4145664 KFMB 
UMNH VP 18711 
UMNH VP LOC 
1059 
Hadrosaur 
tooth  NAD 83 12 S 435032 4157896 KDR1 
UMNH VP 21710 
UMNH VP LOC 
51 
Hadrosaur 
tooth  NAD 83  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 21981 
UMNH VP LOC 
1514 
Hadrosaur 
tooth  NAD 83 12 S 433268 4152183 KFR 
UMNH VP 21721 
UMNH VP LOC 
54 
Hadrosaur 
tooth  NAD 83  
N37 30' 
58"  W111 43' 57"  KFR 
UMNH VP 21696 
UMNH VP LOC 
58 
Hadrosaur 
tooth  NAD 83  N37 31' 5"  W111 44' 0"  KFR 
UMNH VP 22075 
UMNH VP LOC 
1288 
Hadrosaur 
tooth  NAD 83 12 S 436190 4146487 KFMB 
UMNH VP 11833 
UMNH VP LOC 
206 
Hadrosaur 
tooth  NAD 83 12 S 421380 4168279 KBC 
UMNH VP 12658 
UMNH VP LOC 
317 
Hadrosaur 
tooth  NAD 83 12 S 434920 4152056 KFR 
UMNH VP 12654 
UMNH VP LOC 
326 
Hadrosaur 
tooth  NAD 83 12 S 434359 4157220 KDR1 
UMNH VP 12584 
UMNH VP LOC 
338 
Hadrosaur 
tooth  NAD 83 12 S 434411 4156705 KDR1 
UMNH VP 11834 
UMNH VP LOC 
201 
Hadrosaur 
tooth  NAD 83 12 S 420893 4168763 KBC 
UMNH VP 11845 
UMNH VP LOC 
243 
Hadrosaur 
tooth  NAD 83 12 S 423663 4165009 KBC 
UMNH VP 11831 
UMNH VP LOC 
199 
Hadrosaur 
tooth  NAD 83 12 S 420795 4167315 KBC 
UMNH VP 16107 
UMNH VP LOC 
476 
Hadrosaur 
tooth  NAD 83 12 S 432044 4154469 KFR 
UMNH VP 12527 
UMNH VP LOC 
283 
Hadrosaur 
tooth  NAD 83 12 S 434606 4152681 KFR 
UMNH VP 11832 
UMNH VP LOC 
200 
Hadrosaur 
tooth  NAD 83 12 S 421206 4168429 KBC 
UMNH VP 9525 
UMNH VP LOC 
138 
Hadrosaur 
tooth  NAD 83 12 S 424075 4164950 KBC 
UMNH VP 16707 
UMNH VP LOC 
926 
Hadrosaur 
tooth  NAD 83 12 S 432357 4150526 KFR 
UMNH VP 12613 
UMNH VP LOC 
337 
Crocodile 
tooth NAD 83 12 S 434308 4156904 KDR1 
UMNH VP 11820 
UMNH VP LOC 
200 
Crocodile 
tooth NAD 83 12 S 421206 4168429 KBC 
UMNH VP 12619 
UMNH VP LOC 
326 
Crocodile 
tooth NAD 83 12 S 434359 4157220 KDR1 
 
144 
UMNH VP 12633 
UMNH VP LOC 
187 
Crocodile 
tooth NAD 83 12 S 420541 4168265 KBC 
UMNH VP 11867 
UMNH VP LOC 
201 
Crocodile 
tooth NAD 83 12 S 420893 4168763 KBC 
UMNH VP 12573 
UMNH VP LOC 
399 
Crocodile 
tooth NAD 83 12 S 423392 4166124 KBC 
UMNH VP 13917 
UMNH VP LOC 
440 
Crocodile 
tooth NAD 83 12 S 435013 4153130 KFR 
UMNH VP 11874 
UMNH VP LOC 
195 
Crocodile 
tooth NAD 83 12 S 420834 4167597 KBC 
UMNH VP 16145 
UMNH VP LOC 
596 
Crocodile 
tooth NAD 83 12 S 423872 4165325 KBC 
UMNH VP 19449 
UMNH VP LOC 
1093 
Crocodile 
tooth NAD 83 12 S 438907 4142224 KFMB 
UMNH VP 12705 
UMNH VP LOC 
145 
Crocodile 
tooth NAD 83 12 S 424096 4164645 KBC 
UMNH VP 19677 
UMNH VP LOC 
1106 
Crocodile 
tooth NAD 83 12 S 438671 4144416 KFMB 
UMNH VP 16168 
UMNH VP LOC 
608 
Crocodile 
tooth NAD 83 12 S 436575 4146834 KFMB 
UMNH VP 20622 
UMNH VP LOC 
1264 
Crocodile 
tooth NAD 83 12 S 445319 4158465   
UMNH VP 18558 
UMNH VP LOC 
1237 
Crocodile 
tooth NAD 83 12 S 428241 4158977 KFR 
UMNH VP 20896 
UMNH VP LOC 
1439 
Crocodile 
tooth NAD 83 12 S 438465 4143590 KFMB 
UMNH VP 19396 
UMNH VP LOC 
1092 
Crocodile 
tooth NAD 83 12 S 452489 4133358 KFMB 
UMNH VP 16947 
UMNH VP LOC 
878 
Crocodile 
tooth NAD 83 12 S 434222 4148423 KFMB 
UMNH VP 20588 
UMNH VP LOC 
1237 
Crocodile 
tooth NAD 83 12 S 428241 4158977 KFR 
UMNH VP 18685 
UMNH VP LOC 
944 
Crocodile 
tooth NAD 83 12 S 438537 4143625 KFMB 
UMNH VP 8071 
UMNH VP LOC 
110 Crocodile tooth  
N37 27' 
47"  W112 18' 16"  
UMNH VP 18635 
UMNH VP LOC 
980 
Crocodile 
tooth NAD 83 12 S 437463 4145664 KFMB 
UMNH VP 17028 
UMNH VP LOC 
1008 
Crocodile 
tooth NAD 83 12 S 434424 4152179 KFR 
UMNH VP 18720 
UMNH VP LOC 
1034 
Crocodile 
tooth NAD 83 12 S 433014 4150606 KFR 
UMNH VP 18706 
UMNH VP LOC 
799 
Crocodile 
tooth NAD 83 12 S 392417 4153102   
UMNH VP 18732 
UMNH VP LOC 
967 
Crocodile 
tooth NAD 83 12 S 438498 4143397 KFMB 
UMNH VP 20659 
UMNH VP LOC 
886 
Crocodile 
tooth NAD 83 12 S 436250 4146191 KFMB 
UMNH VP 16726 
UMNH VP LOC 
885 
Turtle shell 
fragment NAD 83 12 S 435978 4146053 KFMB 
UMNH VP 16727 
UMNH VP LOC 
889 
Turtle shell 
fragment NAD 83 12 S 435978 4146053 KFMB 
UMNH VP 16980 
UMNH VP LOC 
1020 
Turtle shell 
fragment NAD 83 12 S 435422 4151063 KFR 
UMNH VP 20942 HSR-06-33 
Turtle shell 
fragment NAD 83 12 S 437186 4140819 KFMB 
UMNH VP 16729 
UMNH VP LOC 
930 
Turtle shell 
fragment NAD 83 12 S 434089 4148259 KFMB 
 
145 
UMNH VP 12568 
UMNH VP LOC 
338 
Turtle shell 
fragment NAD 83 12 S 434411 4156705 KDR1 
UMNH VP 12496 
UMNH VP LOC 
186 
Turtle shell 
fragment NAD 83 12 S 421668 4168614 KBC 
UMNH VP 16126 
UMNH VP LOC 
655 
Turtle shell 
fragment NAD 83 12 S 423875 4164743 KBC 
UMNH VP 13946 
UMNH VP LOC 
300 
Turtle shell 
fragment NAD 83 12 S 434705 4152437 KFR 
UMNH VP 12674 
UMNH VP LOC 
345 
Turtle shell 
fragment NAD 83 12 S 434712 4155036 KDR1 
UMNH VP 13907 
UMNH VP LOC 
504 
Turtle shell 
fragment NAD 83 12 S 434919 4154539 KFR 
UMNH VP 16248 
UMNH VP LOC 
698 
Turtle shell 
fragment NAD 83 12 S 435113 4143066 KFMB 
UMNH VP 13906 
UMNH VP LOC 
179 
Turtle shell 
fragment NAD 83 12 S 420612 4167446 KBC 
UMNH VP 16157 
UMNH VP LOC 
577 
Turtle shell 
fragment NAD 83 12 S 415096 4161996   
UMNH VP 12645 
UMNH VP LOC 
330 
Turtle shell 
fragment NAD 83 12 S 434076 4157038 KDR1 
UMNH VP 13968 
UMNH VP LOC 
466 
Turtle shell 
fragment NAD 83 12 S 431615 4154881 KFR 
UMNH VP 16046 
UMNH VP LOC 
479 
Turtle shell 
fragment NAD 83 12 S 431678 4155281 KDR1 
UMNH VP 13966 
UMNH VP LOC 
467 
Turtle shell 
fragment NAD 83 12 S 432641 4154958 KFR 
UMNH VP 13908 
UMNH VP LOC 
484 
Turtle shell 
fragment NAD 83 12 S 432102 4154561 KFR 
UMNH VP 16049 
UMNH VP LOC 
480 
Turtle shell 
fragment NAD 83 12 S 432040 4154467 KFR 
UMNH VP 16199 
UMNH VP LOC 
740 
Turtle shell 
fragment NAD 83 12 S 424423 4164837 KBC 
UMNH VP 16279 
UMNH VP LOC 
728 
Turtle shell 
fragment NAD 83 12 S 438577 4143962 KFMB 
UMNH VP 16074 
UMNH VP LOC 
483 
Turtle shell 
fragment NAD 83 12 S 431971 4155611 KDR1 
UMNH VP 16062 
UMNH VP LOC 
496 
Turtle shell 
fragment NAD 83 12 S 431871 4154891 KFR 
UMNH VP 12501 
UMNH VP LOC 
279 Turtle shell fragment   
N41 00 
'02"  W111 23' 31"   
UMNH VP 12598 
UMNH VP LOC 
343 
Turtle shell 
fragment NAD 83 12 S 423629 4166949 KBC 
UMNH VP 16386 
UMNH VP LOC 
744 
Turtle shell 
fragment NAD 83 12 S 434672 4154858 KFR 
UMNH VP 22851 
UMNH VP LOC 
1627 
Turtle shell 
fragment NAD 83 12 S 430434 4145189 KFMB 
UMNH VP 20825 
UMNH VP LOC 
1332 
Turtle shell 
fragment NAD 83 12 S 439542 4143551 KFMB 
UMNH VP 21550 
UMNH VP LOC 
1320 
Turtle shell 
fragment NAD 83 12 S 422622 4166738 KBC 
UMNH VP 20860 
UMNH VP LOC 
1331 
Turtle shell 
fragment NAD 83 12 S 437777 4145653 KFMB 
UMNH VP 20999 
UMNH VP LOC 
368 
Turtle shell 
fragment NAD 83 12 S 436538 4157053 KDR1 
UMNH VP 16233 
UMNH VP LOC 
622 bone NAD 83 12 S 424398 4165723 KBC 
UMNH VP 12680 
UMNH VP LOC 
348 bone NAD 83 12 S 434794 4155228 KDR1 
 
146 
UMNH VP 20934 
UMNH VP LOC 
1330 bone NAD 83 12 S 433059 4146811 KFMB 
UMNH VP 16392 
UMNH VP LOC 
699 bone NAD 83 12 S 435321 4143138 KFMB 
UMNH VP 23135 
UMNH VP 
LOC1621 bone NAD 83 12 S 426544 4140726 KFMB 
UMNH VP 12265 
UMNH VP LOC 
219 bone NAD 83 12 S 423264 4166930 KBC 
 
 
  
 
